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Preface 


A variety of technologies are being used to 
study atmospheric and oceanic processes, in¬ 
cluding weather stations and rockets and obser¬ 
vational ships and aircraft. They are not al¬ 
ways effective enough, however, to permit a de¬ 
tailed investigation into nonstationary (dynam¬ 
ic) phenomena in the atmosphere and ocean, 
whose time of origin is impossible to predict. 
Key examples of these unpredictable occur¬ 
rences are tropical and extra-tropical cy¬ 
clones, pollution of the ocean and atmosphere 
caused by man’s activities, volcanic discharges 
into the atmosphere, dust storms, and unusual 
(nonstandard) cloud formations. 

This book instances the study of tropical 
cyclones to give a popular account of one of 
possible methods for contact sounding of 
atmospheric and ocean parameters. Based on 
unmanned probes descending from the satel¬ 
lite orbit, this method allows one to widen 
essentially the possibilities for the study of 
the Earth’s atmosphere and ocean. Further¬ 
more, it can conceivably be utilized to explore 
nonstationary processes in the atmospheres of 
other planets of the Solar System—Mars, Ve¬ 
nus, Jupiter, and Saturn. 

The great effort that scientists have accom¬ 
plished toward unveiling the secrets of tropi¬ 
cal cyclones with their awesome destructive 
power has not led as yet to a complete under¬ 
standing of the causes for the birth of typhoons 
and hurricanes, the physics of their develop¬ 
ment and the patterns of their travel. For 
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this very reason—and despite the wide-ranging 
network of coastal warning services—tropical 
cyclones continue to claim human lives and 
cause a colossal damage to many nations’ 
economies. 

The major difficulties involved in the study 
of tropical cyclones arise from the necessity 
to tackle on an operational basis problems of 
their detection and deployment of measuring 
instrumentation in any desired area around the 
world. A further crucial need is for gathering 
and processing scientific information and lo¬ 
cating the spatial position of balloons and 
ocean buoys. 

The method discussed in the book, which re¬ 
lies on state-of-the-art space technologies for 
operational sounding of atmospheric and ocean 
parameters, can he remarkably successful in 
addressing these tasks. 

The book consists of four chapters. 

Chapter 1 gives an account of the atmospher¬ 
ic and ocean phenomena which are major re¬ 
search concerns today and reviews existing re¬ 
mote and contact sounding capabilities for 
their investigation. In parallel, it supplies im¬ 
portant background information about envi¬ 
ronmental state, anthropogenic environmental 
impacts, and environmental protection mea¬ 
sures. 

Chapter 2 describes model parameters of 
tropical cyclones with emphasis on their most 
probable breeding grounds, seasonal patterns, 
lifetime at different development stages, key 
physical characteristics (traveling speed, ver¬ 
tical and horizontal dimensions, wind veloc- 
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ity and direction, temperature and pressure) and 
laws of their atmospheric motion against time 
(trajectories). Designers of satellites and un¬ 
manned satellite probes need these data di¬ 
rectly during scientific experiments in order to 
engineer the designs and perform ballistic com¬ 
putations for the trajectories of motion of 
these satellites. 

In Chapter 3 there is a discussion on the 
operational detection and location of tropical 
cyclones from the satellite orbit. It highlights 
the guiding principles for the selection of orbit 
parameters capable of providing the best pos¬ 
sible vantage for sensing regions of interest on 
the Earth’s surface and location of typhoons 
and hurricanes. Monitoring and sounding in¬ 
struments, and data acquisition and processing 
by ground-based data facilities are briefly 
described. 

Chapter 4 focuses on a method for prompt 
operational deployment of research equipment 
packages into tropical cyclones using descend¬ 
ers—-the vehicles descended from orbit. Prob¬ 
lems faced by designers of the orbital probes 
are discussed. The specific features of their 
descent through the extra-atmospheric and 
atmospheric segments are also dealt with. 

Within the limits of one book the authors 
have been unable to address a few important 
issues in the development and operation of 
contact sounding systems to monitor behavior 
of the atmosphere and ocean by deployment 
of balloons from orbit into the desired area 
of the globe. An all-important related concern 
is with the collection and processing of the 
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scientific information developed by the in¬ 
struments in the balloon gondola and deter¬ 
mining the coordinates and speed of the 
balloon in space. But since these issues are 
adequately covered elsewhere, an inquisitive 
reader can turn to other sources of the 
information of interest (see References appen¬ 
ded to the book). 

The authors hope the book will be useful 
for meteorologists, climatologists and oceano¬ 
graphers, on the one hand, and space technol¬ 
ogy specialists, on the other, as well as for 
all those interested in current developments 
in astronautics, meteorology, and environ¬ 
mental control. 

The authors of this book wish to express 
their appreciation and gratitude to S.N. Alek- 
sashkin, V.A. Korsakov, and K.M. Pich- 
kliadze for their help in obtaining the results 
of digital computer simulations and other ma¬ 
terials used in Chapter 4. 
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Introduction 


Soviet cosmonautics today is a major sector 
of the national economy and a tangible pre¬ 
sence in this country’s daily life. Born of the 
merger between scientific and technological 
accomplishments, it has since grown to be¬ 
come itself a powerful stimulator of progress in 
science and technology. In a somewhat 
broader context, astronautics* has a vast in¬ 
fluence on world politics, economy, scientific 
development and technological improvement. 

The three decades of the space era have seen 
spectacular progress from the early artificial 
earth satellites to sophisticated unmanned 
space stations, from one-man spaceships to 
multipurpose manned orbital missions with 
several relief crews, from the simplest experi¬ 
ments in space to fundamental scientific re¬ 
search and practical application of space pro¬ 
gramme results in various national economy 
sectors. 

The establishment of orbital stations is con¬ 
sidered by Soviet scientists to be the major 
path for man’s further development and con¬ 
quest of space. The reliable and adequate lo¬ 
gistic support provided by manned and un¬ 
manned transport spacecraft along with the 
cosmonauts’ improved competence in assem¬ 
bly, maintenance and repair work (including 
extravehicular) have rendered today’s orbit¬ 
al stations capable of extended service in 
space. Examples of this are the Salyut 6 space 

* "Astronautics” is an American equivalent of 
"cosmonautics” used in this country.— Tr. 
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station, which orbited for almost five years, 
and Salyut 7, now orbiting for almost four 
years. The ever expanding duration of Soviet 
missions in space is evidence of the high stan¬ 
dard of our space technologies and the effective¬ 
ness of measures developed to counter the 
effect of weightlessness on the human organ¬ 
ism. All these factors combined give us great¬ 
er confidence in opening up outer space. 

The early Soviet stations of the Salyut 
series had only one docking unit to receive 
the space vehicles bringing relief crews. The 
second-generation design differed by the addi¬ 
tion of second docking unit (Salyut 6 and 
Salyut 7 belonged to this group). Effective 
solutions to a host of other technical difficul¬ 
ties further developed the potential to sup¬ 
port long-term manned missions in terrestrial 
orbits. 

The duration of manned missions vitally 
depends on the availability of life-support 
resources and the capacity for their long-term 
storage. Ten kg per person per day of resources 
need to be available. In addition the fuel for 
the station’s orientation and orbit control 
and spare equipment that will replace worn- 
out equipment in the course of the mission 
must be included. If we sum all of this up it 
becomes clear that a Salyut type station, in 
order to remain serviceable for two years with 
a crew on board, would require hoarding in 
orbit a depot of life-support resources, spare 
equipment, and fuel, having a total weight of 
20 tons, roughly equivalent to the weight of 
the station itself. 
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The problem of maintaining a long-term 
manned station found its workable economic 
solution in the Progress cargo transport craft 
designed to deliver to the station, via the sec¬ 
ond docking unit, all necessary equipment, 
food, water, air, and fuel. Also, the station 
added a new unified engine capable of being 
refuelled in orbit from sfipply spaceships. The 
second docking unit enabled two spaceship 
crews to operate in the station side-by-side, 
thus increasing the possibilities for conducting 
various investigations and experiments. 

The experience with extended service of or¬ 
bital scientific stations which were constructed 
based on Salyut 6 and Salyut 7 designs, has 
demonstrated the validity of the design solu¬ 
tions and proved more efficient performance of 
the cosmonauts in orbit. 

A further stage in the evolution of space 
platforms has been the development of a sta¬ 
tion of a new generation, appropriately named 
Mir (in Russian “Mir” means peace). Provided 
with a new docking system of six units, the 
station represents in effect the base on which a 
multipurpose manned system operating on a 
sustained basis can be built. Its other ca¬ 
pabilities include specialized modules for sci¬ 
entific and economic applications, maximum 
automation of control of motion, on-board 
systems and scientific instrumentation, in¬ 
creased capacity of the power supply system, 
and greater comfort provided for the cosmo¬ 
nauts’ work and relaxation. 

The Soviet orbital stations have opened up 
the way into space for international crews. The 
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Soviet Union’s firm commitment to peaceful 
cooperation in space with all countries, re¬ 
gardless of their political system, has been 
strikingly confirmed by the missions jointly 
accomplished with fellow-cosmonauts from 
Czechoslovakia, Poland, the German Democrat¬ 
ic Republic, Bulgaria, Hungary, Vietnam, 
Cuba, Mongolia, Romania, France, and India 
on Soviet space vehicles and orbital stations. 

At the end of July Soviet-Syrian crew was 
in space and there now are plans for a French 
cosmonaut to join a long-term mission on 
a Soviet orbital station. 

Konstantin Tsiolkovsky, the founder of theo¬ 
retical cosmonautics, alleged that the settle¬ 
ment of space was as inevitable a stage in the 
development of life as was the conquest of 
land by aquatic creatures millions of years 
ago. In his book, Dreams on the Earth and Sky, 
first published in 1895, he described the life of 
imaginary asteroidal inhabitants and attempt¬ 
ed to predict the future life on the Earth, 
“...only a part of the planet’s population actu¬ 
ally lives on it; most, chasing after light and 
space, organize around it—together with their 
machines, vehicles and buildings—a moving 
swarm in the shape of a ring, similar to Sa¬ 
turn’s, but somewhat larger in comparison.” 
This life, freed from attachment to the planet, 
results in the formation of “a chain of 
populous space cities” that rotate around 
the Sun. 

Tsiolkovsky pursued the idea of human set¬ 
tlement in space in his later writings and a most 
elaborated version of this concept appeared in 
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1926 in his book. Space Exploration by Rocket 
Devices. There he suggested that the develop¬ 
ment of space should begin with human settle¬ 
ments located near the Earth. 

The first experimental near-earth settlement 
was the Soviet orbital Salyut station and the 
Mir station has been a further practical step 
towards the establishment of permanently 
crewed station clusters—the first permanently 
populated extra-terrestrial settlements. 

In sum, the manned and unmanned trans¬ 
port spacecraft developed to resupply orbital 
stations, the modules specialized for investi¬ 
gations to pursue scientific interests and those 
relating to the national economy, the longer 
duration of basic expeditions, crew rotation in 
the course of the mission, and the ever increas¬ 
ing international cooperation in orbit pro¬ 
vide incontrovertible evidence of our advance¬ 
ment from the stage of periodically visiting 
space to that of making it a permanent oper¬ 
ating station. 

The long and versatile effort of the orbital 
station crews has added much to the cost- 
effectiveness of Soviet cosmonautics. The lat¬ 
ter’s objectives are now closely intertwined 
with this country’s plans for economic devel- 
.opment. 

In recent years, because of the orbital sta¬ 
tions, rapid advances have been made in 
fields related to, space engineering and the scien¬ 
ce of space materials, which holds great pro¬ 
mise for the development of fundamentally 
new materials that are extremely difficult if 
not impossible to obtain on the Earth. 
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The role of space vehicles is second to none 
in the overall survey of the Earth’s natural 
resources and in the protection of its natural 
environment. The space imagery obtained from 
orbital stations and unmanned satellites has 
shown sufficient utility to warrant its wide 
application in the Soviet national economy. 
For example, space images have to date re¬ 
vealed the existence of several hundred areas 
holding promise as oil and gas reserves, per¬ 
mitted far more accurate determination of 
many geological formations, and supported im¬ 
portant advances in forestry, fishery and agri¬ 
culture. For this latter application, they have 
provided the capability for predictioh of crop 
yields, monitoring the progress of phased crop 
growth, determination of soil condition, and 
assessment of ground water availability. 

Cosmonauts render great aid to the fishing 
industry. Ice-field mapping based on satellite 
image data permits the extension of navigable 
seasons in the Northern Sea Route. Orbital 
observation data provide a new foundation for 
the protection of forests from fires, diseases, 
and pests, and for the objective assessment 
of forest resources. Currently, a permanently 
operated system of environmental control, 
borne by Meteor and Meteor-Priroda satellites, 
is nearing completion of its final experimental 
testing stage. 

Another satellite-borne system, Cicada , in¬ 
cluding Cosmos 1000 type vehicles, determines 
with high accuracy aircraft and ship location 
in any region on the globe, regardless of 
weather conditions. 
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Owing to a system of communications satel¬ 
lites, the Soviet Union’s television broadcast¬ 
ing system can reach 90 percent of the popu¬ 
lation. 

The Soviet Union has always considered ad¬ 
vances in cosmonautics a common goal for 
the whole of mankind, a contribution to last¬ 
ing world peace in the name of progress, 
prosperity, and a better life for all people. 
Back in 1961, in a message to the nation on 
the occasion of man’s first launch into space, 
the Soviet leadership emphatically stated the 
following: “We hold victories in harnessing 
space to be those of all mankind, and not just 
an achievement by our people alone. We shall 
gladly put these advances to the service of all 
nations to further progress, happiness, and 
the well-being of all people on the Earth.” 

An example of such cooperation in space 
studies is the collaboration of socialist coun¬ 
tries in the INTERCOSMOS programme. Using 
Soviet launchers and space vehicles, this 
programme of conducting intensive space re- 
• search has brought together Soviet space scien¬ 
tists and specialists from Bulgaria, Hungary, 
Vietnam, the German Democratic Republic, 
Cuba, Mongolia, Poland, Romania, and Cze¬ 
choslovakia. Space research has also been pur¬ 
sued with the collaboration of India, France, 
the USA, Sweden, and Austria. 

Through their joint efforts, specialists from 
the USSR, USA, Canada, and France have 
created COSPAS-SARSA T —a space-based 
system for the search and rescue of downed air¬ 
craft and ships in distress. The Soviet Nadezhda 


2-01334 
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satellites, the first to he integrated into the 
system, have quickly gained recognition among 
the world public. 

The Soviet space program addresses prin¬ 
cipal human activities in the region of the 
Universe within our immediate reach. Being 
a peaceful program, it seeks to expand our 
knowledge about the world around us and to 
maximize the usefulness of space exploration 
and the achievements of cosmonautics for all 
of mankind. 

The two unmanned Soviet Vega crafts made 
a great impression on the world public. During 
one flyby the probes, Vega 1 and Vega 2, 
explored Venus and Halley’s comet. For the 
first time the spacecraft deployed two weather 
balloons into the atmosphere of Venus which 
determined the circulation and meteorological 
parameters of the planet’s atmosphere. They 
also planted the descent modules for investi¬ 
gating the planet’s surface. The Vega craft 
then proceeded to an encounter with Halley’s 
comet, entered its gas and dust coma on the 
Oth and 9th of March 1986, and passed within 
9000 kilometers of its nucleus. The program 
reported back the first large-scale measure¬ 
ments of temperature and other physicochem¬ 
ical characteristics, examined the chemical 
composition of the comet’s gas and dust com¬ 
ponents, and surveyed its electromagnetic 
fields and physical processes. Such a composite 
study of the cometary matter has fundamental 
significance. 

The scientific equipment on Vega was a prod¬ 
uct of the collaboration between scientists 
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from the Soviet Union, Austria, Bulgaria, 
Hungary, the German Democratic Republic, 
Poland, France, West Germany, and Czecho¬ 
slovakia. 

The international space projects will have 
significant scientific and practical implications. 
The design and technological options will be 
developed and utilized in future space technol¬ 
ogies for scientific and economic applications. 

For investigations into deep space, Soviet 
scientists are presently considering the possibil¬ 
ity of having an unmanned space station fly by 
several asteroids in a project called Vesta. In 
the late 1980s the launch is planned of project 
Phobos which will include investigations of in¬ 
terplanetary and near-Martian space and com¬ 
prehensive study of Mars’s moon Phobos. 

The USSR was the pioneer in cosmonautics. 
The first artificial earth satellite was Soviet- 
made, the first man in outer space was a So¬ 
viet citizen, and the first international crew 
was sent into space from a Soviet cosmodrome. 

Konstantin Tsiolkovsky wrote that mankind 
acquired the ocean of the Universe as if it 
were purposely bestowed upon it in order to 
unite people as one entity, one family. He 
justly believed in the joint eBort of all of 
mankind as the most efficient and rational way 
of harnessing outer space. Soviet people are 
strongly opposed to the militarization of space 
a'nd to the deployment of any weapons in 
space. The further development of cosmonaut¬ 
ics urgently requires that the countries of the 
world unite their efiorts and talent around 
tremendous endeavors that have great con- 
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structive potential for the population of our 
planet. 

One of these is the exploration of the Earth’s 
disastrous phenomena such as typhoons, dust 
storms, and volcanic eruptions which bring 
incalculable destruction on various countries. 
This book discusses a possible method for 
studying these phenomena by using the latest 
achievements in space technology. 



Chapter 1 

Atmospheric and Ocean Research 
from Satellite Orbit 


Sec. 1. Remote Sensing o! 
the Atmosphere and Ocean 

Man’s economic'activities still depend in many 
respects on Nature’s elements. The sectors 
particularly sensitive to them are agriculture, 
aviation and fishery, to name only a few. 
Already many countries experience a stifling 
deficit of food protein and shortages of mineral 
resources, fossil fuels, and other raw materials. 
Hence the need for greater scope to exploring 
the World Ocean and, by extension, for more 
profound investigation of the processes that go 
on in its interior and on the surface; determin¬ 
ation of its mineral, food, and feed resource 
potential; and assessment of its efficacy for 
shipping and transportation. Many countries 
are paying special attention to such hazardous 
phenomena as tropical and extra-tropical cy¬ 
clones, dust storms, and volcanic eruptions— 
all those natural disasters responsible in some 
cases for heavy environmental pollution, in 
which man’s economic activities are also a 
contributing factor. 

Thus the magnitude and variety of problems 
faced by mankind in supporting its life and 
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activity give added and compelling urgency 
to the study of the atmosphere and ocean. 
This is needed primarily to be able to accurate¬ 
ly forecast weather, avoid hazardous effects 
of pollution, and prevent the damage from 
natural disasters. Rapidly obtainable “sea 
state” and atmospheric data are vital for sea 
transportation, marine fishery, shelf explora¬ 
tion and development, and pollution control 
in the ocean. Scientists studying atmospheric 
and oceanic processes require both diverse and 
maximum amount of information. 

Therefore the atmospheric and ocean para¬ 
meters being mapped and measured in the 
course of scientific experiments are of great va¬ 
riety. The range of parameters to address is 
uncertain, partly because of the complexity of 
particular atmospheric and oceanic processes 
approached within the atmosphere-oceans-con- 
tinents system and partly because current 
theories fail to describe them with sufficient 
completeness. At the present time, neverthe¬ 
less, there is a clear idea as to the set of para¬ 
meters to be first monitored and observed 
along these lines. For the atmosphere, these 
are temperature, wind velocity and direction, 
relative humidity, pressure at the earth’s sur¬ 
face, cloudiness, and atmospheric composition. 
The ocean is characterized by surface tempera¬ 
ture, heat content of the top water layer, shear 
wind stress, surface level, surface currents, 
subsurface circulation, oceanic eddies, and 
precipitation over the ocean. 

Scientists can now use a great variety of 
technologies to secure information on the state 
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of the atmosphere and oceans, including 
weather stations, radiosondes, balloons, radars, 
rockets, and research ships. For all their di¬ 
versity, the data they provide about the 
atmospheric condition over the vast expanses 
of seas, oceans, and highland regions and about 
the oceanic processes lacks the needed detail to 
meet today’s scientific needs. Nor are the ten 
thousand weather stations, 800 sounding sta¬ 
tions and hundreds of research vessels, which 
are currently operated around the world, an 
adequate answer to crucial problems in the 
analysis of atmospheric and ocean behavior. 
Because of that, almost 80 percent of the glob¬ 
al surface is remaining, now as before, a 
“blank spot” for meteorologists, oceanographers 
and climatologists. 

Several years ago the need was recognized 
to have basically innovative global informa¬ 
tion about the atmosphere and ocean unobtain¬ 
able with conventional methods. The solu¬ 
tion came with the development of spaceborne 
remote sensing observational capabilities 
whose main advantages were large surface area 
coverage and high information capacity. A 
man-made satellite, even flying in a low-cir¬ 
cular orbit, can take in at a glance a surface 
area of several thousand square kilometers. 
Surface coverage increases with altitude, and 
orbiting at an altitude of 30 to 40 thousand 
kilometers a satellite can cover an area of the 
ground representing half the global surface. 
Furthermore, the volume of measurement data 
on some parameters of the atmosphere and 
ocean, e.g. sea surface temperature, available 
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with only one satellite is equivalent to the 
synchronous measurements from 20 thousand 
research vessels. It is for this reason that re¬ 
mote sensing programs studying the Earth 
from satellite orbits gain increasing acceptance 
for astronautics in the USSR and abroad. 

The on-board sensors and sounders flown by 
Soviet, American, West European, Japanese 
and Indian satellites of the Cosmos, Meteor, 
Tiros, GOES, Seasat, Landsat, Meteosat, Hi- 
mowari, and Bhaskara series, the Soviet and 
American Soyuz, Gemini and Apollo crewed 
spacecraft, and the orbital stations of Mir, 
Salyut and Skylab systems gave important in¬ 
formation about the planet’s atmosphere, so¬ 
lid surface and aquatic shell. Various space- 
borne instruments have been developed for 
environmental remote sensing applications. 

The most effective global system deployed 
to date has been a constellation of several 
satellites in different orbits—low-circular, high¬ 
ly elliptical, and geostationary. The satel¬ 
lites remotely sound the atmosphere and ocean 
to provide the necessary data for meteorologi¬ 
cal and oceanographic applications, collect 
information from drifting buoys and balloons 
and transmit it to data acquisition and pro¬ 
cessing stations on the ground. 

The requirements to observational atmospher¬ 
ic and ocean data include an optimal set of 
parameters to be measured and an appropriate 
spatial-temporal resolution and accuracy of 
measurement. Once the requirements have 
been finalized, available space technologies 
come under scrutiny to analyze their current 
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and future potential for atmospheric and ocean 
remote sounding applications. 

To achieve convenient optimization of the 
satellite sensor system, a frequently used suite 
of remote sounding parameters involves (10] 
imaging resolution, the solar angle, viewing 
altitude, imaging repeats, and area coverage. 


Table 1 



User sectors of remote sensing services 

Space imaging 
parameters 

Oceano¬ 

graphy 

Hydro¬ 

logy 

Geology 

Forestry 
and agri¬ 
culture 

Imaging detail 
resolution, m 

50-300 

0-9 

0-30 

10-30 

Large-scale ima¬ 
ge resolution, m 

70-100 

15-100 

70-100 

70-100 

Sun’s angle, 
deg 

Viewing alti¬ 
tude, deg 

60 

54-60 

15-30 

15-30 

20-60 

10 

10-60 

— 

Imaging repeats 

1 day to 

6 months 

6 months 

6 months 

4 months 

to 5 years 

to 5 years 

to 5* years 
1-20 
days** 

Area coverage, 
km 

400-1000 

200-1000 

200-1000 

200 


* For forestry. 

** For agriculture. 


Table 1 lists key requirements on these pa¬ 
rameters for different classes of remote sen¬ 
ding problems [10]. As seen, the requirements 
imposed by different problem classes are sim- 









26 


Ch. 1. Atmospheric and Ocean Research 


ilar for some parameters of the measurement 
system but distinctly and broadly dissimilar 
for other parameters. As regards spatial reso¬ 
lution, for example, oceanography is less de¬ 
manding on imaging detail than hydrology, 
geology, forestry or agriculture and, converse¬ 
ly, all problem classes equally need a good 
resolution at large-scale image. For the Sun’s 
angle, more stringent demands are made by 
remote sensing for oceanography and hydrol¬ 
ogy than for geology, forestry, and agricul¬ 
ture. All problem classes have similar viewing 
altitude requirements. As is evident from Ta¬ 
ble 1, different aspects call for distinct imaging 
repeats even in the same application area. To 
address problems in oceanography, the nominal 
imaging repeats are varied from one day to 
four months, its variation being greater still 
in hydrology—from six months to five years. 
Finally, area coverage requirements appear to 
be moderate for all these remote sensing appli¬ 
cations. 

Oceanographic remote observations provide 
a singularly important source of data on the 
detection and investigation of typhoons. A 
suggested cumulative set of principal ocean 
parameters which should be practically mea¬ 
sured from orbit with the instruments on-board 
the satellite is presented in Table 2. It indi¬ 
cates the requirements for the instrument 
measuring accuracy and defines the permissible 
variation ranges for each one of the sensed 
parameters. 

Radiometer , the instrument to measure elec¬ 
tromagnetic radiation energy, yields radia- 
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tion budget of the surface-air system, sea sur¬ 
face temperature, distribution of cloud cover, 
temperature at the upper edge of cloudiness 
(cloud top temperature). It operates in the vis¬ 
ible, infrared and microwave wavelength re¬ 
gions. A spectrometer provides chemical com¬ 
position of the surface layers in the atmosphere 
and ocean (and therefore an opportunity to 
look into the physicochemical processes there) 
and measures atmospheric concentrations of 
water vapor. A radioaltimeter is an instrument 
which gauges spacecraft flight altitudes in 
order to recognize variations of ocean surface 
level and wave height. More detail about these 
instruments is given below; their key char¬ 
acteristics and necessary imaging repeats in 
the ocean region of interest are shown in 
Table 2. 

Generally, the instruments carried by weath¬ 
er satellites are operated on the principle of 
mechano-optical scanning [12], whereby the 
ocean surface within the instrument’s field of 
view is scanned by successive recognition ele¬ 
ments. The unit (elementary) area on the 
ground that a given instrument is able to scan 
is called its spatial resolution (or simply reso¬ 
lution), having a corresponding unit ( elemen¬ 
tary) angle of view , or field-of-view, of the 
scanner. With a facility on-board the satellite 
drifting (scanning) the elementary field of 
view in the plane normal to the orbital plane, 
it can continuously scan a rather wide band 
on the ground (scanning swath). With the help 
of a mirror maintaining oscillatory or rotary 
motion one can accomplish a shift of the ele- 



Table 2 


Measured 
ocean para¬ 
meter 

Parameter 

variation 

range 

Instru¬ 

ment 

accuracy 

Sensor 

Resolu¬ 

tion 

Spatial 
resolu¬ 
tion, m 

Spa¬ 

tial 

mea¬ 

suring 

step, 

km 

Scanning 

swath, 

km 

Imaging 

frequency 

Sea surface 
temperature 

—24-+35 °C 

0.01 °C 

Infrared and 

microwave 

radiometers 

0.1-0.5° 
1-2° 

100-5000 

25-100 

5 

200-500 

500-3000 

Twice daily 
Once daily 

Color 

A scale of 23 
gradations 

1 grada¬ 
tion 

Spectrome¬ 
ter, radio¬ 
meter in the 
visible 


25-100 

500-3000 

! 

10 

200-500 

500-1500 

Once dailly 
Twice daily 

Transparen¬ 

cy 

0-70 m 

0.1 m 

Spectrome¬ 
ter, radio¬ 
meter in the 
visible 



10 

200-500 

500-1500 

Once daily 
Once in 5 
days 
































Tides 

0-17 in 

0.1 m 

Radioalti¬ 
meter, radio¬ 
meter in the 
visible 

0.3-1 m 

25-100 

500-2000 

5 

200-500 

2000-5000 

Hourly 

Once daily 

Areas of up- 

welling, 

width 

5-100 km 


Radiometer 
in the visi¬ 
ble, 1R ra¬ 
diometer 

50-200 m 
200- 
1000 m 

50-200 

200-1000 

5 

200-500 

500-1500 

Once daily 
Once in 5 
days 

Wind waves: 
height 
length 
direction 

0-20 m 
0-1000 m 
0-360° 

' 

0.1 m 

10 m 

1* 

Radiometer 
in the visi¬ 
ble, radioal¬ 
timeter; 
microwave 
radiometer, 

0.5-1,0m, 
25-50 m 
±15° 

50-200 

50 

200-500 

Once daily 

Absolute sea 
surface level 

,0-200 m 

0.1 m 

Radioalti¬ 

meter 

0.3-1,0 m 

10-1000 

5 
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Measured 
ocean para¬ 
meter 

Parameter 

variation 

range 

Instru¬ 

ment 

accuracy 

Sensor 

Resolu¬ 

tion 

Spatial 
resolu¬ 
tion, m 

' 

Spa¬ 

tial 

mea¬ 

suring 

step, 

km 

Scanning 
swath, km 

I maging 
frequency 

Sea ice: 
quantity 
age 

closeness 
extent of 
disruption 
leads 

1-10(5) 

points 

1 point 

Spectrome¬ 
ter, radio¬ 
meter in the 
visible 

1 point 

25-100 

1 

200-500 

Once daily 
















tion of wind 
speed at sur¬ 
face 









Cloudiness 

Shape and 
amount 


Visible and 
infrared ra¬ 
diometers 


100-500 

500-3000 

■ 

200-500 

500-3000 

Once daily 

Tropical 

showers 


1 mm/h 

Microwave 

radiometer 


1-5 km 

■ 

200-500 

Once daily 

Salinity 

0-40 0 /oo 

0.002°/oo 

To be devel¬ 
oped 

O.l-10/oo 

50-100 

5 

200-500 

Once daily 

Currents: 

velocity 

and 

direction 

1-150 cm/s 
0-360° 

1 cm/s 
1° 

Infrared ra¬ 
diometer, ra- 
dioaltime- 
ter, radiome¬ 
ter in the 
visible 

1-10 cm/s 
±15° 

25-100 

200-1000 

5 

200-500 

500-1500 

Once daily 
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mentary field of view on the Earth’s sur¬ 
face. 

A multispectral television scanning system 
is schematized in Figure 1 [121. It is composed 
of swinging mirror 1, mirror lens 2, light filters 
3 and radiation receivers 4a, 4b, and 4c. In 



Fig. 1. Operation of the multispectral scanning sys¬ 
tem 

the system, the Earth’s surface image scan 
along a track is driven by progress of the sat¬ 
ellite itself, and across the track by the swing¬ 
ing of the mirror. Some of the scanning sys¬ 
tems provide across-track image scanning ca- 
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pability by swinging the receiving picture 
tube, with a fixed mirror. The scanning swath 
width is controlled by satellite altitude and 
the swinging angle of the rotating mirror 
(or the receiving picture tube). 

Thus, the principal source of information in 
observing the atmosphere and ocean from space 
are the images generated on-board the satel¬ 
lite by remote sounding instruments over the 
electromagnetic spectrum from the UV to the 
radio band. In this sense they are said to be 
images of “underlying surface”. Accordingly, 
the methods which take soundings of the ocean 
and atmosphere from a satellite orbit basically 
rely on satellite instrument measurements of 
their emitted (intrinsic) and reflected energies 
and the latter’s estimated intensity to derive 
certain parameters of the atmosphere and 
ocean. Remote sensing data generally require 
sophisticated mathematics and high-speed 
computers for its processing and direct measure¬ 
ments of atmospheric and ocean parameters 
for its calibration. 

The Earth’s atmosphere is known to various¬ 
ly transmit electromagnetic waves through 
different wavebands. This raises the attended, 
and challenging problem of how best to choose 
optimal spectral regions for imaging. There 
are three distinct wavelength regions—visible 
and near-infrared, 0.4-1.2 pm; thermal infra¬ 
red, 3-5, 8-13 pm; and radio, 1 mm-10 m; 
from these more narrow spectral bands are 
selected to deal with specific problems in re¬ 
mote sensing studies of the atmosphere and 
ocean. By analysing the electromagnetic ra- 


3-01334 
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diation, different types of information can be 
obtained in each of these wavebands while the 
measurement techniques and the sensing in¬ 
struments need to be varied accordingly to 
match these data types. 

There are manifold requirements for the lo¬ 
calization and number of spectral intervals. 
As an example, oceanography applications de¬ 
mand about 100 spectral bands for meaningful 
research. However a closer analysis of scientific- 
experiments suggests that nearly 70 percent 
of the information output comes from sensing 
in four spectral regions, two in the visible and 
two in the infrared. The spectral range from 
0.85 to 1.1 pm offers maximum information 
for applications in oceanography. Research 
has found that, generally, for effective manage¬ 
ment of environmental remote sensing prob¬ 
lems, a dedicated satellite needs a sensor sys¬ 
tem engineered for imaging in at least live 
spectral bands, three in the visible and two in 
the infrared. 

It is also important to consider the atmo¬ 
spheric impact on imaged scenes heavily felt 
in the wavelength intervals, from 0.57 to 
0.62, 0.69 to 0.75, 0.79 to 0.82, 1.1 to 1.2, 
and 1.26 to 1.28 pm. In these ranges reflected 
radiation is absorbed by the ever-changing 
atmospheric components: oxygen, water vapor 
and ozone. No imaging can be done in the 
0.3 to 0.4 pm band either as the atmospheric 
haze overwhelms the reflected signal there. 
Image recognition employs comparison of ra¬ 
diances between the reflected radiation signals 
received on-board the satellite and the avail- 
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able a priori information on the radiances of 
natural formations. This breeds, in its turn, a 
degree of error in the received imagery, due to 
intermittence or discreteness. 

Sensing of the atmosphere and ocean in the 
visible and infrared is solely feasible on the 
sunlit side of the Earth as the electromagnetic 
radiation in these spectra represents the reflect¬ 
ed radiation of the Sun. 

Few methods of studying atmospheric and 
ocean parameters from space in the visible 
range are as simple and straightforward as 
visual observation from a manned orbital sta¬ 
tion. The human eye gazing at the Earth from 
a satellite orbit can confidently recognize the 
boundaries of cloud cover, types of clouds, and 
outlines of turbid river water discharges pro¬ 
jecting into the sea; it can see through shallow 
water the bottom topography of an ocean re¬ 
gion, define the properties of ocean eddies and 
dust storms a few hundred kilometers in size, 
and discriminate the type of plankton present. 
The integrated perception of observed phenom¬ 
ena in the atmosphere and ocean, selectivity 
of human vision and logical analysis of ob¬ 
served scenes are the unique properties of the vi¬ 
sual observation method that no sensor con¬ 
figuration can match. 

The visual observation method has a signifi¬ 
cantly enhanced potential when supported 
with instruments extending the limits of hu¬ 
man vision such as binoculars, telescopes and 
night viewing devices with opto-electronic 
amplification of light. Accurate colorimetric 
assessments of the ocean surface areas observ- 
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able from the manned orbital station enable 
cosmonauts to develop seawater chromaticity 
tables and provide valuable inputs for design 
of opto-electronic colorimeters. 

Although visual observations of the atmo¬ 
sphere and ocean from space are credited for 
many useful and interesting discoveries, hu¬ 
man vision is less efficient than the informa¬ 
tion potential of the methods for remote sound¬ 
ing of the atmosphere and ocean based on 
appropriate technologies. Imaging is perhaps 
the most widely used technique to study the 
ocean from a satellite orbit. Space imaging of 
the ocean captures a great deal of what the 
cosmonaut’s eye can see and, if aided by spe¬ 
cial sensing techniques, captures many other 
things out of reach for the unaided eye. Sa¬ 
tellite-borne imaging systems can cover in one 
frame a large underlying surface area—up to 
several million square kilometers—at a reason¬ 
ably good image resolution. 

Spectral-selective and multispectral imaging 
methods have wide currency for applications 
in remote sensing from a satellite orbit. The 
former method makes use of the photographic 
materials having several layers, each with a 
different spectral sensitivity. It provides clues 
to problems that neither visual methods nor 
conventional photography can resolve (such 
as oil slick detection or bioproductivity assess¬ 
ment in the ocean). Multispectral photo imag¬ 
ery expands further the potential for discrim¬ 
ination of fine spectral shading on the ocean 
surface. 

However, the photo-imaging methods lack 
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in operational efficiency, because the images 
must be delivered to Earth for processing. 
TV systems designed for remote sensing from 
space can aid in this through their ability to 
transmit information to the Earth in two modes, 
real time and by recording on the on-board 
video and subsequent playback to ground 
data acquisition stations, i.e. on- and off-line. 

Multichannel satellite TV systems have 
been developed which generate atmosphere 
and sea-surface information which is compara¬ 
ble in quality and other characteristics with 
photo images. As one relevant example, the 
Landsat TV images of the Earth’s surface 
have a resolution of about 70 m. The satellite 
acquires images in four visible and near-infra¬ 
red spectral bands—0.5-0.6, 0.6-0.7; 0.7-0.8; 
and 0.8-1.1 pm. Using the system, researchers 
have been able to address a wide range of 
problems in the identification of ocean surfaces 
contaminated by oil products and industrial 
wastes, recognition of new areas above average 
bioproductivity, spotting relative position of 
river and sea waters, determining traces of in¬ 
ternal waves, and studying the bottom topog¬ 
raphy. 

Still, both photography and TV imaging 
seem powerless in the face of problems in me¬ 
teorology and oceanography which demand a 
very high spectral resolution as for example 
the global mapping of chlorophyll distribution 
in the ocean. 

Other than the passive optical methods just 
discussed for remotely observing the ocean 
from a satellite orbit, the goal is well-served 
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by active methods based on ocean irradiation 
from the orbit. They provide an improved accu¬ 
racy in sensing elevation of the bottom topog¬ 
raphy and permit the deep sounding of su- 
face ocean layers. 

Sensing of the atmosphere and ocean in the 
thermal (infrared) region makes use of two 
wavelength intervals, 3-5 and 8-15 pm. With 
the former interval, ocean temperature can 
solely be measured on the orbit’s dark side 
since on the sunlit side of the Earth the emit¬ 
ted thermal radiation of the ocean will be of 
comparable intensity with the reflected radia¬ 
tion of the Sun. In the second wavelength in¬ 
terval the solar reflected radiation is so low 
that the measurements are practically indep¬ 
endent of the ocean surface illuminated by 
the Sun. Temperature soundings in that latter 
interval are of value for oceanographers by 
allowing them to monitor the boundaries of 
ocean currents and locate the position of fron¬ 
tal areas, trajectories of ocean eddies and areas 
of maximum bioproductivity. Usually, sea 
surface temperature data in the thermal infra¬ 
red is acquired by use of scanning radiometers. 
This is a quick and convenient method that 
results in clearly visible sea surface tempera¬ 
ture maps accurate to 1-3 °C. Here a note is in 
order that sea surface sounding in the visible 
and infrared is not feasible if the surface is 
screened—covered with clouds or fog. 

The greater the wavelengths the more freely 
the ocean radiation signal is known to pass 
through the atmosphere into space. In such 
cases it is necessary to move to another spec- 
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tral region, the microwave, or superb igh-fre- 
quency bands. These wavelengths typically 
range from a few millimeters to several deci¬ 
meters. In this region the atmosphere has less 
drastic radiation impact than either in tire 
visible or infrared. This has the effect of pro¬ 
viding a great deal more information about 
hydrophysical ocean parameters than is obtain¬ 
able with the methods of ocean remote sens¬ 
ing in the optical spectral range. 

In the RF-band, ocean remote sensing from 
space relies on active and passive techniques, 
using radar sensors in the former case and 
sensitive microwave radiometers for recording 
the emitted microwave radiation of the at¬ 
mosphere and ocean, in the latter. Ocean remote 
sensing in the microwave range can confident¬ 
ly identify the borders of storm areas and ice 
fields, and determine thickness, closeness and 
age of ice and direction of its motion. Over 
and above these, it has been possible to gauge 
water salinity, an all-important input for de¬ 
tecting the fresh-saline water interface in the 
areas of large rivers’ issue into the ocean, 
along with other major variations of salinity. 
Lastly, the microwave methods of remote sens¬ 
ing earth studies have been effective in locat¬ 
ing areas of oil spills in the ocean. 

Over the recent years extensive experience 
has been gained in the operation of active ra¬ 
diometers for remote sensing of the ocean from 
space. Their operational principle is based on 
the radar effect: first the source on-board the 
satellite sends a powerful radio beam directed 
toward the ocean surface, then the on-board 
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devices receive the reflected radio signal and 
the arriving echo is analysed. 

Significantly, all features on the underlying 
surface are classified into concentrated or dis¬ 
tributed by the pattern of reflected radiowaves 
they produce. The concentrated features include 
free-standing single objects; their dimensions 
are too small to permit independent sur¬ 
veillance by on-board active radiometers. The 
distributed features immediately apply to 
studying typhoons from orbit. They consist of 
sea surface and atmospheric inhomogeneities 
like clouds or rain. The pattern of radiowave 
reflection is strongly influenced hy the irra¬ 
diated surface properties. A calm ocean sur¬ 
face in which the dimensions of waves (rough¬ 
ness) represent a minor fraction of the irra¬ 
diating wavelength is capable of practically 
specular reflection of radiowaves, with a well- 
established correlation between the charac¬ 
teristics of the irradiating versus reflected 
wave. When the radio-frequency wave is of 
commensurable or smaller length than the 
ocean surface roughness the echo is bound to be 
distorted by the interference of the radiowaves 
reflected from different surface features. 

Distinction is made among three types of 
radio signal reflection patterns by features on 
the underlying surface—optical, when the fea¬ 
ture size is many times the radiowave length; 
resonant, when the feature size and the wave¬ 
length are similar; and Kayleigh, when the 
wavelength far exceeds the feature size. All 
these types of the reflected signal differ in 
reflection intensity and in other character- 
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istics—shape, phase shift, etc.—from the 
sounding signal. 

These distinctive signal reflection patterns 
have been integrated into instrument designs 
specialized for radar sensing of the Earth’s 
surface from a satellite orbit. The most com¬ 
mon instrument types in today’s space research 
applications are scatterometers, altimeters, and 
side-looking radars. 

Scatterometers. The instrument’s operational 
principle exploits the phenomenon of resonant 
radiowave reflection from sea surface. This is 
the case whenever the sounding wavelength is 
about two times the length of the sea wave. As 
a result, the amplitude of the sea surface echo 
signal received by the satellite scatterometer 
varies with mean square wave height, enabling 
the scatterometers to be used for seawave 
height measurement. And because the height 
of sea waves will be generally related with 
wind-induced waves, the scatterometers can 
usefully be applied to measure another staple 
parameter, wind speed in the near-surface 
atmospheric layer. Practical experience with 
5 the scatterometers in various satellite missions 
§ [21, 30] has shown their ability to scan across 

a very wide swath (nearly equal to the orbit 
I altitude). This is because the best scattero¬ 
meter performance comes with sea surface ir¬ 
radiation by slanted radiowave beams. 
k Radioaltimeters. The instrument concept is 
I fairly simple: by measuring accurately the 
I traveling time of radiowaves between the mo- 
I ments when they are radiated from the satel- 
| lite and received there again as a surface-reflec- 
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ted echo, and knowing the wave propagation 
velocity, one should have no problem in 
estimating the distance from the orbit to the 
ocean surface. Since an orbiting satellite can 
now be located to a sufficiently high accuracy 
the satellite trajectory can provide the base¬ 
line for relative measurements of the ocean 
surface profile. A radioaltimeter on-board the 
satellite is capable of yielding the variation 
of ocean surface level caused by storm surges, 
tsunamis, currents and other ocean phenome¬ 
na. Finally, the radioaltimeter provides the 
sea wave height at the satellite sub-point* by 
the pattern of the radio pulse reflected from 
the ocean surface. 

Side-looking radar is an instrument “look¬ 
ing’' to one side of the moving platform in 
order to eliminate right-left ambiguities. It is 
perhaps the most promising instrument con¬ 
cept for ocean remote sensing from orbit. It 
relies on short sounding pulses of the transmit¬ 
ting antenna in the horizontal plane to produce 
radio images of the ocean surface over large 
spaces with an adequately high spatial reso¬ 
lution. The side-looking radar can build rather 
rapidly a picture of ocean waves, measure the 
extent of water surface contamination, and 
identify ice-field boundaries. 


* To be more specific, let us say that in remote 
sounding of the ocean surface with short rectangular 
pulses that are emitted by an in-orbit radioaltimeter 
the leading edge of the reflected pulse is modified 
by an angle determined by sea wave height along 
the satellite track. 



1. Remote Sensing of Atmosphere and Ocean 43 


Atmospheric studies from orbit. Space-based 
atmospheric observation goes back to the date 
of launching the third man-made satellite. To 
date there have been many special-purpose 
satellites at work in outer space, for example 
the Soviet Cosmos and Meteor, American Ti¬ 
ros, Nimbus, ESS A and NOAA, and spacecrafts 
from other countries. 

A satellite can image approximately 20 per¬ 
cent of the Earth’s surface in one working day. 
While the photos of televised scenes from 
weather satellites show a strip a few thousand 
kilometers wide, they also provide enough 
discrimination to distinguish details 1 to 
2 km in size. Satellite-based operational weath¬ 
er systems now exist in many countries. The 
Soviet and US systems have the support, re¬ 
spectively, of the Meteor and NOAA series. 
Beyond them, the systems incorporate ground 
stations in order to receive, process and dis¬ 
seminate satellite information and a service 
which monitors the condition of and exercises 
command and control of the satellite on-board 
systems. 

Besides direct television and infrared image 
broadcasting to the Earth in the direct radio¬ 
visibility range of satellite signals, another 
method is to record them on magnetic tape on¬ 
board the satellite and relay them to ground 
data acquisition stations the moment the sa¬ 
tellite appears within their line-of-sight range. 
The contact may last from several minutes to 
half an hour. 

The ground data acquisition stations per¬ 
form the recording of satellite information 
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first on magnetic tape and then on photo film. 
After obtaining television and infrared images 
they are converted to a format convenient for 
use by weather analysts. This is a complex 
process which involves terrain referencing and 
interpretation of the images by recognition of 
surface features and identification of various 
image characteristics. Because data handling 
at the ground stations requires much time and 
effort it is usually aided by sophisticated hard¬ 
ware including computers. 

In order to judge synoptic processes over 
large spaces, the accepted practice combines 
sequential satellite imagery taken along its 
flight path, even from several adjacent or¬ 
bits. The result is the so-called mosaics. 

The operational information obtained from 
weather satellites about the atmospheric con¬ 
dition, cloudiness, and the surface of land 
and ocean materially enhances the hydrome¬ 
teorological information furnished by the tra¬ 
ditional techniques for measuring atmospheric 
and ocean parameters. The method demon¬ 
strates the potential for improved weather 
analysis and forecasting over the oceans and 
in inaccessible territories on land and for 
improved accuracy of weather mapping in the 
regions having a dense network of ground 
weatherstations. The visible and infrared satel¬ 
lite images of land and ocean surface effective¬ 
ly support a variety of applications in hy¬ 
drology as well as hydrometeorology, and also 
in oceanography, climatology, forestry, water 
management, and agriculture. 

These and other satellite data applications 
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keep multiplying with each year. Their great¬ 
est utility for remote sounding has been in 
the short-term, 1-3-day weather forecasting. 
Satellite information has large practical value 
for civil aviation and is made frequently a 
part of crew briefings and weather hazard mes¬ 
sages for long-distance airways. 

Navigation and fishery are major users of 
satellite meteorological information. Remote 
sensing data on ocean weather are essential 
for judging the factors that affect shipping. 

The recent years have seen a major growth 
of maritime operations in the Arctic region. The 
navigation season is expanded, new ice-break¬ 
ing and carrying ships enter service, and yet- 
untried high-latitude navigation routes be¬ 
come operational. These new developments 
dramatically upgrade requirements on the 
operational efficiency, accuracy, and contents 
of current satellite information about ice con¬ 
ditions, and on the quality of their forecast. 
Satellite data-based assessments of atmospher¬ 
ic dynamics provide agrometeorologists with 
a needed input in order to forecast overwinter¬ 
ing conditions and water availability to crops 
and to aid the prediction of unexpected cold 
spells in fall and spring. Television space im¬ 
agery identifies the cloudiness with promise for 
seeding to induce artificial precipitation. 

The atmospheric and ocean research pro¬ 
grams relying on weather satellites allocate 
much importance to multispeclral imaging in 
the visible and near-infrared through the use 
of TV-scanners. To study and monitor the 
state of large natural features and to evaluate 
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short-term and seasonal developments in the 
atmosphere and ocean encompassing large 
areas on the ground, wide-area multispectral 
imagery is desirable. 

Multispectral photos show a distinct infor¬ 
mation advantage over single-band images, 
permitting simultaneous recognition of large 
terrain features, assessment of their condition 
and monitoring of their developmental dynam¬ 
ics. This is made possible by higher image 
resolution and the possibility to exploit the 
differences between spectral regions brought 
about by wavelength-controlled reflectivity 
variations of natural objects. The multispec¬ 
tral images reveal clearly defined turbid river 
water discharges into seas and oceans, contam¬ 
inated shallow waters as a result of perturb¬ 
ing storm-wave influences on water surface, 
blooming phytoplankton in the coastal sea 
waters, distinctive morphology and structure 
of ice cover, pools of water on the surface of 
ice and the extent of its contamination, etc. 

Spectrophotometric information technologies 
are used to retrieve atmospheric temperature 
against elevation above sea surface, estimate 
total atmospheric water vapor and ozone, and 
to evaluate cloud effects. The radiometric anal¬ 
ysis of microwave radiation can identify pre¬ 
cipitation zones, quantify cloud moisture con¬ 
tent and intensity of precipitation, estimate 
total atmospheric water vapor, and trace the 
extent and pattern of ice. 

Studies of cloud cover. The cloud cover 
represents a leading factor of climate forma¬ 
tion on our planet. It is the most powerful 
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and changeable control of the radiation bal¬ 
ance between the atmosphere and the underly¬ 
ing Earth's surface. Multiannual satellite ob¬ 
servation data indicate that, while there is a 
constant amount of cloudiness, on the whole, 
in the terrestrial atmosphere, the cloud-cover 
distribution considerably varies over the year. 
Naturally, the amount of clouds over the ocean 
is greater than above the land and usually in¬ 
creasing in the warm season and decreasing in 
the cold season. 

The satellite observation data available to 
date defines mainly the spatial extent and 
amount of cloudiness. Information on other 
cloud parameters, such as temperature and the 
base height of top cloud, moisture content and 
precipitation is extremely sparse. Increasingly, 
observations from satellites, especially the geo¬ 
stationary ones, become a principal source of 
information about clouds. Ground-based and 
aircraft measurements are necessary support 
for analysis and verilication of the satellite in¬ 
formation. On the other hand, dedicated ground 
and aerial surveys are needed to measure 
microphysical and radiational cloud charac¬ 
teristics. 

The main disadvantage of cloud remote 
sensing from space stems from the difficulty 
of providing data on a multilevel cloud struc¬ 
ture and the base height of low cloud. To 
this end the satellites, both existing and plan¬ 
ned for future launches, which have atmospher¬ 
ic remote sounding missions, are assigned the 
main objectives of establishing the base height 
of top cloud, developing data on cloud pat- 
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terns over the oceans, and evaluating the daily 
run of cloudiness [10]. 

Today’s methodologies for climate research 
based on satellite-derived data recommend 
cloud cover imaging at a spatial resolution of 
250 km and temporal resolution of 3 hours. 
Ground-based cloud observations and airborne 
facilities determine the base height of low 
cloud to an accuracy of 50 m and separate cloud 
types into cirrus, cirrus-cumulus, altostratus, 
high stratocumulus, stratus, stratocumulus, 
cumulus, nimbostratus, and cumulonimbus. 

Top cloud temperature is the key to asses¬ 
sing the base height of top cloud. The temper¬ 
ature is derived from measurements of upwel 
ling (outgoing) radiation in the atmospheric 
transparency window. Observational satellite 
data enable the base height of top cloud and 
temperature to be known with the respective 
accuracies of 1 km and 1 °C, respectively. The 
retrieval of cloud-cover characteristics draws 
on high-resolution scanning radiometer data 
in the visible and infrared. 

To achieve quality measurements of the cloud 
cover, intercalibrations of instruments be¬ 
tween different satellite missions in their si¬ 
multaneous operation and inputs from ground 
weather stations are required. But even so the 
remote sensing technologies occasionally fail 
to provide desired characteristics with re¬ 
spect to cloud types such as thin cirrus, ceiling 
clouds above snow, ice or the bright desert, 
and ceiling clouds at night time. 

The determination of wind field by cloud 
drift [10] is an important goal of meteorology 



1. Remote Sensing of Atmosphere and Ocean 49 

and climatology. This requires a series of high- 
quality repetitive satellite images of cloud 
cover, their accurate geographic referencing, 
and an ability to recognize trackable cloud 
types known as tracers. 

The key sources of errors in the wind field 
reconstruction by cloud drift originate from 
incorrect altitude referencing, measurement 
errors, and inaccuracies in the construction of 
tracer trajectories. 

At the present time, the wind speed and di¬ 
rection estimations relying on satellite data 
are in error by 10 percent and 10° respectively. 
The errors can be considerably reduced with 
drifting balloon sounders used to measure the 
wind field. For such applications, the satellite 
is coupled with central processing facilities 
on the ground to detect and locate the balloons 
and collect data from the balloon-borne sen¬ 
sors. Under this method, the balloons can be 
located to within a few kilometers (indeed 
1 km for state-of-the-art systems) and their 
velocity vector can be appreciated with an 
error of several meters per second (down to one 
m/s for state-of-the-art systems). Temperature 
measurements by the sensors carried on the 
balloons can be accurate within ±0.5°. 

In France a programme is being pursued in 
which operational satellites locate and collect 
weather data from sea buoys and balloons 
(Argos). The program is a cooperative project 
with US scientists who turned over their 
Tiros-N third-generation weather satellites to 
serve as instrument-mounting platforms. 

Studies of the ocean from orbit. A global 
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ocean-monitoring system requires much of its 
information input to be developed by remote 
sensing of ocean parameters from satellites. 
More conventional means such as buoys, ships, 
and aircraft are primarily useful for verifica¬ 
tion. Among the satellites specially injected 
into orbit to explore the World Ocean are 
Cosmos-107(i, Cosmos-1151 , and Cosmos-1500; 
Intercosmos-20, Seasat, and Geos. 

Satellite information must possess adequate 
accuracy, spatial-temporal resolution* and 
prompt delivery (Table 3) to suit a more ad¬ 
vanced procedure for measuring a series of 
essential characteristics of oceanic processes 
HO]. This degree of knowledge of ocean param¬ 
eters will provide an improved assessment 
of sea surface temperature fields and other 
characteristics of water masses needed for 
fishery. Observations on currents and eddies 
can be of immediate utility to plotting optimal 
shipping routes and to improved accuracy of 
predicting the dynamics of oil slicks on the 
ocean surface. Wave forecasts are important for 
the optimization of shipping routes and opera¬ 
tions in the shelf zone. The ice-cover bounda¬ 
ries will thus be better delineated to aid the 
fishing vessels near the ice edge while a clear 
understanding of sea ice strength will make it 
possible to appraise the possibilities for nav¬ 
igation at high latitudes. 

The pattern of chlorophyll distribution pro¬ 
vides a good indicator for the circulation of 

* The term is understood to mean minimum 
recordable dimensions of image elements and time 
intervals. 
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Table 3 




Spatial 

Tern- 

Deli¬ 
very 
nf in- 

Parameter 

Accuracy 

resolw- 
tion. 




km 

tion 

forma 




tion 

Wind speed 

2 m/s 


12 h 

3 h 

Wind direction 

10° 


12 h 

3 I. 

Global sea surface 
temperature 

1' 


3 days 

1,3 h 

Local sea surface 


10 

1 day 

12 h 

temperature 

Wave height 

0.3 in 

25 

12 h 

3 h 

Wave direction 

10° 

25 

12 h 

3 h 

Extent of ice cover 

15% 

20 

3 days 

12 li 

Thickness of ice 
cover 

2 m 

50 

3 days 

12 li 

Age of ice 

new | 

annual | 
perennial J 


3 days 

30 

days 

Glacier height 

0.5 in 

10 

1 year 

30 





day. 

Water turbidity 

low I 

medium > 

high J 


1 day 

10 h 

Velocity of hori- 

5 m/s 

20 

1 day 

1 day 

zontal surface cur¬ 
rent 

Direction of hori¬ 
zontal surface cur¬ 
rent 

10° 

20 



1 day 

1 day 




ocean water masses, and a knowledge of chlo¬ 
rophyll locations can make fishing more pro¬ 
ductive. Storm forecasts are of course vital, 
and so on and so forth. 

The oceanographic satellites can carry differ¬ 
ent payloads of ocean remote sensing inslru 
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ments, their composition assorted case-by-case 
to suit the objectives of the experiment as a 
whole. As an example, the payload choice for 
Seasat, a US ocean-observing satellite, includ¬ 
ed a suite of five instruments—a radioalti¬ 
meter, scatterometer, side-looking radar, scan¬ 
ning radiometer in the visible and thermal in¬ 
frared, and multichannel scanning microwave 
radiometer. 

Traveling in an almost circular orbit 800-km 
high and inclined at 108° to the equatorial 
plane, Seasat-1 provided information coverage 
for 95 percent of the Earth’s surface every 
36 hours. The Seasat radiometer had a surface 
viewing spot diameter of 1.5 to 12 km—it is 
enough to measure wave height at satellite 
sub-point with an accuracy of 0.5 m in the 0 to 
20-meter range. The Seasat scatterometer irra¬ 
diated two surface swaths from 500 to 700 km 
wide and 200 km away from the flight path at 
a spatial resolution of 50 km. The instrument 
estimated the wind speed at sea surface to 
within 2 m/s in the range of 4 to 26 m/s, and 
wind direction to within 20°. The side-look¬ 
ing radar accomplished ocean surface imag¬ 
ing across a 100-km swath 250-km distant 
from the satellite track. The spatial resolution 
was 25 m. The visible and infrared radiometers 
operated in the wavelength ranges of 0.45 to 
0.94 and 10.5 to 12.5 pm, returning images of 
the ocean surface and cloudiness and reporting 
back their temperature for a 1100-km wide 
strip along the satellite track. The tempera¬ 
ture measurements were accurate to better than 
1 °C. 
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Determinations of sea surface temperature 
accurate to 2 °C and of wind speed at sea sur¬ 
face accurate to 2 m/s (in the near-surface air 
layer) were possible with a multichannel cen- 
timetric-band microwave scanner. In addition 
to these, moisture content and water vapor 
concentrations were also measured. The mea¬ 
surements were taken in a 600-km swath along 
the spacecraft track at the spatial resolution of 
20 to 100 km. 

Many specialists have been working hard 
seeking to improve the accuracy of ocean re¬ 
mote sensing imagery. 


Sec. 2. Studies of Nonstationary Processes 
in the Atmosphere and Ocean 

Nonstationary processes in the atmosphere and 
ocean, whose location and time of origin can¬ 
not be known beforehand, attract the research¬ 
ers’ special attention. These processes are 
tropical cyclones, volcanic discharges into the 
atmosphere, and dust storms. Human history 
abounds in episodes of these natural calami¬ 
ties which have taken their dreadful toll on 
human lives and damaged the economies of 
entire nations. Nonstationary processes affect 
the planetary climate, act on the soil cover, 
and change surface topography. 


2.1. Tropical Cyclones 

The tropical cyclone is a large atmospheric vor¬ 
tex with a low-pressure center. The air streams 
in it move generally toward the cyclone 
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center along near-circular spiral paths. Thus 
the air streams will be observed from aircraft 
and satellite to spin counterclockwise in the 
tropical cyclones of the Northern Hemisphere 
and clockwise in the Southern-Hemisphere 
counterparts. Known under a variety of local 
names, they are familiar to most as “typhoons” 
or “hurricanes” The word typhoon has Chi¬ 
nese origin (from taai great and fung wind) 
and designates the intensive storms of the 
western North Pacific (up to 170°E). The 
French word hurakan is a Caribbean Indian 
borrowing to denote the tropical cyclones that 
occur in the Atlantic, the Gulf of Mexico, and 
the eastern North Pacific. (For the purpose of 
this book, all the three terms are equivalent 
and have the same meaning. The more fre¬ 
quent use of the word “typhoon” reflects little 
else than the authors’ personal preference). 

Tropical cyclones release immense energy. 
Scientists estimated that only about 3 percent 
of a typhoon’s heat energy passes into the mech¬ 
anical energy of wind and waves. But even 
this small fraction of the energy potential of a 
medium-sized typhoon would be enough to 
supply with electrical power a population of 
200 to 300 million for half a year. 

The tropical cyclone can be likened to a heat 
engine. The air inside forms a core near the 
central part, its temperature is a few degrees 
above ambient. A part of the warm air from 
the core goes up into the upper layers of the 
atmosphere, to be replaced by new streams 
coming from below. The conversion of thermal 
energy into the mechanical energy of wind in 
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the tropical cyclone is due to a pressure drop— 
the different air pressures developing in the 
warm air column at the center and in the cool 
air environment on the periphery. This pat¬ 
tern of the energetic processes is very tentative 
and applies primarily to mature typhoons. 
Although information is still lacking, we do 
know that the pattern of energetic processes 
will be different for the typhoons in the stage 
of development or abatement. 

The distress caused by tropical typhoons is 
hard to predict. But the available statistics 
over many years of observing tropical hurri¬ 
canes have been sufficient to develop at least 
some impact evaluation criteria for them. The 
first and foremost impact is the number of 
human casualties. Cases are known when a 
typhoon has claimed the thousands of human 
lives, as for example, Typhoon Vera in Sep¬ 
tember of 1959, which caused the death of 
5500 persons. A significant upward revision of 
their number is needed if one considers those 
who died later from starvation and diseases. 

The property damage from tropical cyclones 
is conventionally represented as direct and 
indirect. Direct damage is dealt during and 
immediately after the storm as collapsed build¬ 
ings, ignited fires, ruined crops, etc. Indirect 
damage becomes evident in a longer term after 
the typhoon or hurricane has passed over is¬ 
lands and continents. Examples include sever¬ 
al years of crop failure in the fields stripped 
of topsoil, or reduced production at storm- 
stricken plants and factories. The dollar amount 
of indirect damage from a tropical cyclone 
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may be several times the amount of the direct 
damage. Drawing on many years’ observation¬ 
al statistics on tropical cyclones, a few corre¬ 
lations have been discovered to link the damage 
to some of their physical characteristics and 
thereby to offer a rough prediction of the mag¬ 
nitude of the oncoming disaster. 

Below we shall discuss some of these correla¬ 
tions. Generally, one particular parameter in¬ 
dicative of a typhoon’s strength will be segre¬ 
gated and its magnitude compared with the 
damage caused by the typhoon. The parameter 
may pertain to the maximum wind speed in 
the typhoon or the daily amount of precipi¬ 
tation. It has been found that the scope of 
damage, e.g. the number of fatalities, varies 
approximately with the cubed maximum wind 
speed or cubed daily precipitation quantity. 
The strength of a tropical typhoon is some¬ 
times assessed by a value proportional to the 
product of the square typhoon radius and the 
difference between the pressure in the typhoon 
center and the average pressure on its margin. 
Normally, the value falls within the range 
1 X 10 20 to 100 X 10 20 erg/s. In some instances 
tropical cyclones are classified into wind 
and rain varieties. For the typhoons of equal 
intensity, more human lives will be claimed 
by the rain type and more property damage 
done by the wind type. 

There is also a certain relation between the 
damage from a tropical cyclone and its distinc¬ 
tive trajectory features. The deadliest trajec¬ 
tory is the one by which a typhoon makes its 
landfall at the right angle. The typhoon trav- 
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eling speed plays also an important, role and 
even with a well-organised warning service it is 
difficult to escape or protect oneself from a 
typhoon that speeds along at a Crushing rate. 

Other than causing damage to humans and 
all their creations, tropical cyclones can change 
coastal topography and outline by making 
new straits, digging sand spits and submerging 
smaller islands. 

The origin and development of tropical ey- 
clones. The most common breeding grounds for 
typhoons occur in the tropical zone bounded 
off by the northern and southern tropics 
(23°27'N and 23°27'S, respectively). At 
these latitudes once a year the Sun is exactly 
at the zenith on 22 June for the Northern 
Hemisphere and 21 December for the Southern. 
Meteorologists often extend the zone to 30° 
latitude. 

The tropics are distinct for having essential¬ 
ly similar weather types dominating at differ¬ 
ent seasons. Subtropical anticyclones take up 
a position near their border, at 30 to 35° lat¬ 
itude. Inside the zone, there is a stable wind 
current flowing in different directions; towards 
the west-southwest in the northern latitudes 
and west-northwest in the southern latitudes. 
In marine weather science the current is 
termed the trade wind, or simply trade, its 
average speed being 5 to 6 m/s at most. 

The breeding grounds of typhoons are scat¬ 
tered non-uniformly about the tropical region. 
It should be noted that the tropical cyclones 
originate only in the open ocean in the first 
place. The Pacific typhoons would most typi- 
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cally appear in the western part of the North¬ 
ern Hemisphere, ranging up to 50 annually. 

For the Atlantic ocean, the principal region 
where most hurricanes are born (at the rate of 
8-10 a year) is in the western North Atlantic, 
with other similar regions in the Caribbean 
Sea and the Gulf of Mexico. The tropical cy¬ 
clones of the Indian Ocean originate mainly at 
Australia’s west coast, in the Bay of Bengal, 
Arabian Sea, and near Madagascar. 

There are several viewpoints concerning the 
origin of tropical cyclones. Many researchers 
see the focal point of their birth in the con¬ 
vergence zone of the trade flows from both hemi¬ 
spheres. Here, the wind looses strength, the 
air floats upwards and clouds and rains appear. 
This intratropical convergence zone, approxi¬ 
mately 200-km wide, can shift relative to the 
equator with drifting trade flows to 12-15°N 
during the Northern Hemisphere summer and 
5°S during the Southern Hemisphere summer. 
The size and force of incipient tropical cy¬ 
clones are heavily dependent on the position of 
the convergence zone. With the zone near the 
equator, the Coriolis force which spins the 
currents is too low to produce a sufficiently 
strong closed circulation; however with the 
zone far enough from the equator, sufficient 
Coriolis force is generated to impart an ade¬ 
quate spinning moment to the air currents. 
These perturbations, or seedlings, may develop 
into violent typhoons where the conditions 
favor it. , 

One other possible cause of tropical cy¬ 
clones resides in the so-called “easterly waves”— 
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an alternating succession of highs and lows 
sometimes observed in the easterly trade winds. 
The “easterly waves” can travel without change 
to distances as large as 3-5 thousand kilome¬ 
ters. On occasion, an “easterly wave” loses 
stability with the attended increase of wind 
speed and precipitation; these can also trigger 
the formation of tropical cyclones. 

Invasion of the tropics by cool air flows from 
high and temperate latitudes is another reason 
for the emergence of tropical cyclones. 

While the average tropical cyclone has a 
lifetime of about six days, some of the actual 
typhoons may be short- (up to a few hours) or 
long-lived (up to a few weeks). However in the 
general case, the tropical cyclone experiences 
a series of stages in its life cycle—those of 
young cyclone, mature cyclone, and abate¬ 
ment. The first formative stage involves the 
emergence of a closed vortex with a slightly 
modified pressure at the center and light wind. 
In a young cyclone the low-pressure center is 
deepening continuously, the hurricane-force 
winds are gaining momentum and enveloping 
the center, and spiral strips begin to take 
form. The young cyclone spaps a modest area 
60 to 100 km across. 

A mature tropical cyclone engulfs great 
spaces up to 2000 kilometers across; the pressure 
decline at its center comes to a halt and the 
wind no longer grows in strength. The mature 
stage lasts about five days on average. 

The final stage, abatement, occurs for a va¬ 
riety of reasons. A large proportion of ty¬ 
phoons dissipate upon crossing into the cooler 
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temperate latitudes. Without the heat to fuel 
it, the typhoon shrinks to an appreciably smal¬ 
ler size and then completely disappears. Some 
typhoons die in the tropics after reaching the 
continent. 

The intensity of wind is the feature of trop¬ 
ical cyclones frequently adopted for their 
classification by development stages. If a wind 
velocity is under 17 m/s the closed vortex is 
defined as tropical depression ; if 17 to 33 m/s, 
it is called tropical storm. Hurricane or typhoon 
designate a tropical cyclone with the wind vel¬ 
ocity above 34 m/s. Finally, the cyclones ex¬ 
ceeding a wind velocity of 60 m/s form the 
group of strong , or violent hurricanes or ty¬ 
phoons. 

General description of the tropical cyclone. 
Although the typical cyclone has a diameter of 
200 to 500 km sometimes it may be as large as 
1000 km. The pressure in tropical cyclones at 
sea level averages 930 to 950 mb, thus pro¬ 
ducing a steep pressure gradient, around 60 
mbar per 100 km, and consequently strong 
winds. The wind velocity is especially high 
near the cyclone center where it may reach 
60 to 100 m/s. 

The tropical cyclone usually holds at its 
center an area of relatively benign weather 
called the eye. A well-developed cyclone exhib¬ 
its clear-cut boundaries of the “eye”, its 
average diameter is 20 to 25 km, but as large 
as 60 or 70 km in very strong typhoons. The 
atmospheric parameters within the “eye” dif¬ 
fer markedly from those in the body of the 
cyclone: the wind speed is down to 4-5 m/s, 
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with lower pressure and higher tempera¬ 
ture. 

The wind perturbations of tropical cyclones 
spread up far above the ocean surface and not 
only through the entire troposphere (to the 
altitude of 15-16 km), but also into the lower 
stratosphere. An anticyclone often develops 
above the cyclone at high altitudes, the pres¬ 
sure in its center higher than on the periphe¬ 
ry. Because of that the air stream in the anti¬ 
cyclone looks as if it were spiralling down and 
out, to form a continuous inflow into the 
typhoon’s lower portion and an outflow from 
its central part. 

The precipitation in tropical cyclones is 
concentrated on the clearly distinct bands 
converging towards the center on a spiral 
path. As they approach the center, their width 
and the spacing between them decrease on the 
average from 5 to 13 km. The length of each 
of the bands extends to a few tens of kilome¬ 
ters and their number does not exceed seven. 
The amount of rain in most tropical cyclones 
is enormous, averaging 150 to 200 mm per 
cyclone. The rainfall is often paralleled by 
thunderstorms and local atmospheric vortexes 
of smaller diameter (up to a few hundred me¬ 
ters) called tornados. The vortexes most fre¬ 
quently appear in the slow-moving tropical 
cyclones. The tornado winds develop a very 
high speed of 300 m/s or so. 

The passage of tropical cyclones produces 
high and rough surface waves in the ocean. 
In the Atlantic hurricanes, the average wave 
height varies within 10 to 12 meters and the 
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Pacific typhoons are reputed to have some¬ 
times stirred up waves up to 30 m high. The 
waves travel generally at two to three times 
lower speed than the wind that generated 
them. But because the wind speed in the ty¬ 
phoon is high the waves formed often run ahead 
of the typhoon which progresses at a much low¬ 
er speed than the wind, and travel outside its 
limits; the wave height becomes progressively 
lower with a greater distance from the tropi¬ 
cal cyclone center. 

This description of tropical cyclones clearly 
suggests their distinguishing characteristics 
that set them apart from other atmospheric 
phenomena. They are: origination at low lat¬ 
itudes, near-circular isobars, large pressure 
gradients, high wind speeds, spiral-shaped 
lines of the air current, availability of the “eye” 
at the center, storms and heavy precipitation, 
and the active season in the summer. 

For comparison, the extra-tropical cyclones 
are characterized by medium-to-high origina¬ 
tion latitudes, elongated isobars, moderate 
pressure gradients, wind velocities, and precip¬ 
itation; they lack the “eye" and are active in 
the winter season. 

Problems in the study of tropical cyclones. 

Now as before, many aspects of tropical cy¬ 
clones remain a mystery which has puzzled more 
than one generation of scientists. There is, to 
date, no certainty about the necessary and 
sufficient conditions for the origin and devel¬ 
opment of typhoons. The workings of the ini¬ 
tial impetus that sets the whole system in 
motion are unclear and the physics of typhoon 
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development through its various stages is 
poorly understood. A few rather important if 
yet unsolved queries concern the trajectory of 
tropical cyclones, namely: which laws govern 
their movement? what makes typhoon trajecto¬ 
ries different from one region to another? 
what is their seasonal pattern of change? and 
how accurately can they be predicted? 

Most of the existing theories provide an¬ 
swers to these questions. But, for instance a 
theory on the origin and development of such 
an intriguing phenomenon as the typhoon 
“eye”, is not adequately developed. In general 
there are numerous unsolved questions in this 
field of science. Theoretical advances are vis¬ 
ibly impeded by scarce observational evidence, 
notably for the tropics and the atmosphere 
over the ocean. The most difficult to monitor 
are the conditions surrounding the genesis of 
tropical vortexes and whether there are per¬ 
turbations at that time and of what particular 
type. 

To be able to work out predictive methodolo¬ 
gies for the origin and rise of tropical cyclones 
it is necessary first to study ways in which 
synoptic conditions affect the interaction of 
typhoons and hurricanes with their atmospher¬ 
ic environment and the ocean surface. In some 
cases their influence can be strong enough to 
cause a cyclone to change its trajectory. The 
methods for observing and studying tropical 
cyclones depend on the range and capabilities 
of the vehicles used to deliver scientific in¬ 
strumentation to the effective area of a ty¬ 
phoon. Accordingly, distinction is made be- 
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tween observations from coastal and ship-based 
stations, aerial reconnaissance, and from 
satellites. 

Perhaps typhoons can most conveniently 
be researched from land-based weather sta¬ 
tions permanently located on minor ocean 
islands. These islands are too small to break 
the flow of a tropical cyclone; the stations can 
report back unique meteorological data when 
the cyclone passes above the island. A typical 
example of such facilities are the weather sta¬ 
tions on the Marshall Islands. 

In addition to the weather stations on small 
islands, typhoon investigation and monitoring 
are maintained by the now widespread stations 
strategically located along the ocean shore on 
large islands and continents. They are the most 
advanced and numerous in the countries prone 
to repeated devastating impacts of tropical 
cyclones. Such services operate in the USA, 
Japan, India, Pakistan, Vietnam, China,'Aus¬ 
tralia, Hong Kong, Philippines, Madagascar, 
and in some Central American countries. 

Fewer typhoons appear in this country and 
only occasionally do tropical cyclones appear 
in the Primorie Territory, Island of Sakhalin, 
Kuril Islands, and Kamchatka of the Far 
East. All through the typhoon season opera¬ 
tional information about their motion is ana¬ 
lyzed at the Regional Meteorological Center in 
Khabarovsk and relayed if necessary to the 
areas at risk. 

The coastal services for monitoring tropical 
cyclones are responsible for the acquisition and 
processing of pertinent meteorological infor- 
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mation, preparation of storm forecasts and 
warnings, and rapid broadcast of the storm 
alert to the general population. 

The most widely ramified information service 
of typhoon tracking stations is in the Unit¬ 
ed States, comprising 77 stations, each 40 kilo¬ 
meters apart, all along the Gulf of Mexico 
and Atlantic coast and including another hur¬ 
ricane tracking station in Puerto-Rico. 

In their routine work, the coastal stations 
utilize near-earth surface and aerologic obser¬ 
vation data from an extensive network of sta¬ 
tions in many countries. Quite a few of them 
derive valuable information from on-shore ra¬ 
dars, however 300 to 500 km is, currently, the 
maximum range in which radar tracking of 
tropical cyclones is still possible. The radars 
can predict an approaching typhoon or hurri¬ 
cane within 10 to 15 hours of its arrival. The 
radar detects the typhoon “eye” by the shape 
of the spiral bands from a distance of 280 to 
320 km with an accuracy of better than 15 km. 

Radars are strategically placed on the coast¬ 
line to overlap the effective ranges of the 
neighboring facilities. An experienced weather 
analyst can by radar readings extract a lot of 
useful information about the tropical cyclone— 
its speed, direction, and area coverage. 

Radar applications nonetheless have their 
own limitations. All too often the image on 
the radar screen is hard to interpret for the 
assessment of both the overall situation in a 
tropical cyclone and its particulars. Proper 
interpretation of radar images may be impos¬ 
sible for a variety of reasons’, such as spurious 
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noise circulation, radar beam attenuation in 
the zones of heavy precipitation, distortion of 
the picture with the radar’s changing position 
relative to the tropical cyclone, variation of 
transmitter wavelength and other technicali¬ 
ties, as well as the ill-defined shape of the 
“eye” and spiral bands. Worse still, the radars 
are unable to pick up the clouds containing 
small cloud species not exceeding 0.5 min in 
size. In other words, all that the radar can 
clearly note in the typhoon are the zones of 
intensive precipitation, squalls, thunderstorms 
and eye-wall clouds. 

Ships are effectively used in the investiga¬ 
tion of atmospheric and ocean parameters in the 
space surrounding the tropical cyclone. For 
this application, it is important to measure 
water temperature variations in the typhoon 
trail on the ocean surface. Ship observations 
can be supplemented with the information 
about atmospheric and ocean parameters ob¬ 
tained from automatic buoy stations. These sta¬ 
tions, as a rule, are provided with a complete 
set of meteorological instruments. A device 
for measuring water temperature in the sub¬ 
surface ocean layers (to a depth of 200 m) is 
sometimes installed as an adjunct to these in¬ 
struments. If such a station is in the path of a 
tropical cyclone, it becomes possible to obtain 
unique data on atmosphere-ocean interaction 
in the effective range of the typhoon or hur¬ 
ricane. 

In order to study the effect of tropical cy¬ 
clones on the structure of the active ocean lay¬ 
er, it is well to concurrently utilize inputs 
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from several vessels making a triangle or 
rhombus around the tropical cyclone. With¬ 
out changing their inter-distance, the ships 
keep moving with the typhoon along its tra¬ 
jectory. Most typically, the shipborne set of 
instruments includes capabilities to measure 
weather parameters—pressure, temperature, 
and humidity—and roll-induced instrument 
displacements. They carry also recording appa¬ 
ratus, usually a multichannel digital tape re¬ 
cording system and a fast-response (low-iner¬ 
tia) recorder for the visual monitoring of mea¬ 
suring equipment performance. 

The best results in tropical cyclone studies 
and prediction of their behavior can be achieved 
by continuously observing their evolution 
in the open ocean. For this application, the 
radars are ineffective because of their limited 
range and the ships because of the serious risk 
to their crews. Planes however can materially 
assist meteorologists on this task, being able 
to detect a hurricane or typhoon, penetrate it, 
define the location of its “eye”, perform a phys¬ 
ical analysis on its atmospheric parameters, 
and track its progress. The heavy planes and 
reconnaissance aircraft are commonly used on 
such missions. They have flying instruments 
on board which provide measurements of wind 
speed with an accuracy of 1.5 m/s, wind direc¬ 
tion to an accuracy of 3°, the height of isobar- 
ic surfaces accurate to 15 m, temperature 
with an accuracy of 1°, and humidity to an 
accuracy of 5 percent. In addition, they can 
photograph clouds with an imaging radar and 
cine camera. 


6 * 
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Sometimes, the planes headed into a cyclone 
jettison a dropsonde, which as it descends 
through the atmosphere, relays to the aircraft 
information about temperature, pressure and 
relative humidity at specific altitudes. Through 
direct airborne penetration into the typhoon 
“eye” its position can be located to an accuracy 
better than 15-20 km. 

Ocean observing satellites contribute widely 
to tropical cyclone studies. Remote sounding 
from a satellite in orbit offers a means of imag¬ 
ing typhoons, tracking their motion, follow¬ 
ing the evolution of their shape and size, 
and examining the weather processes that de¬ 
velop in conventional systems and on under¬ 
lying surface. Although the satellite methods 
for determining the position of tropical cy¬ 
clones are not as accurate as the aircraft tech¬ 
niques, they are better at gauging wind speed 
from observed cloud types. 

The maps which analyse cloudiness and are 
therefore known as maps oj nephanalysis 
(Gk. nephos cloud) are extremely useful in 
monitoring typhoons from a satellite orbit. 
The use of satellite imagery allows the maps to 
plot out the shape, structure and size of cloud 
formations and the gaps between them; conver¬ 
gence centers of cloud spirals; the extent of 
cloudiness and density of the clouds in it. 
Even though some features of cloudiness have 
to be sacrificed by replacing the maps of neph¬ 
analysis for photo images, these maps are 
still a very convenient data format to transmit 
via communication lines for operational use. 

Weather satellites can rapidly detect trop- 
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ical cyclones where they remain unnoticed by 
other osbervation technologies. The rate of 
success in identifying the origin of tropical 
cyclones has greatly improved after satellites 
were adopted for regular weather monitoring 
service. They made it possible to more accu¬ 
rately locate the breeding grounds of typhoons 
and to discover new places of their origin. 

Continuous monitoring of tropical cyclones 
from orbiting satellites provides an opportu¬ 
nity for mapping trajectories of their centers. 
These maps will be very helpful to warning 
services in their operational duties and also 
will be very useful for research on tropical 
cyclones. 

The image characteristics noted above give 
clues to the development stage of a tropical 
cyclone. A mature cyclone appears in the im¬ 
age as a bright white disc with sharply out¬ 
lined margins. The disc exhibits the “eye” 
in its center with bands spiralled out from it. 
Sometimes one or several bands of cumulonim¬ 
bus clouds may be recognizable in the frontal 
portion of a tropical cyclone. 

In this and other ways satellite imagery 
offers a means of assessing important typhoon 
parameters and even a peculiar diagnostic 
tool of their state (strength, duration and 
further advance). 

Other than general qualitative typhoon param¬ 
eters, satellite imagery can aid in quantita¬ 
tive estimation of at least some of their charac¬ 
teristics. Continuous observation of tropical 
cyclones over large spaces turns out to be far 
more convenient with the use of geostationary 
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satellites ; they are injected into a circular 
orbit 36 000 km in height in the equatorial 
plane to match their revolution around the 
Earth with the planet’s rotation, thus render¬ 
ing them fixed relative to its surface. Such a 
satellite can keep in its field-of-view almost 
an entire hemisphere making it possible to 
film sequences unfolding the staged develop¬ 
ment of the tropical cyclone. 


2.2. Dust Storms 

Dust storms, a widely occurring atmospheric 
phenomenon, vary in time and space. For 
centuries, the damage from them has been 
considerable. Transport of large masses of 
dust promotes droughts and fosters the ex¬ 
pansion of desert; dust buries agricultural 
lands, orchards and population centers. 

Strong dust storms foul the atmosphere 
to change the optical properties of air, and 
this affects climate [6]. A change occurs also 
in the heating of the terrestrial surface and 
the near-surface air layers. Another impact on 
climate comes with the altered reflectivity of 
the Earth’s surface or albedo. Thus enhan¬ 
ced air dustiness above snow and ice leads to 
a climatic warming while the opposite is true 
of a dust-laden atmosphere over the ocean in 
the 'regions with large solar angle above 
the horizon. Dust storms have a substantial 
influence on a soil cover where it is not stabi¬ 
lized by vegetation: they blow out the topsoil, 
the most fertile soil layer, as they sweep along. 
Dust storms cripple vegetation by damaging 
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plants, uprooting them and exposing to chem¬ 
ical salts via soil or directly at the flowering 
season. 

There is good evidence that dust storms im¬ 
mediately affect animals and humans, not 
least through the propagation of dust-borne 
pathogenic microorganisms stimulating out¬ 
breaks of diseases. Finally, such storms cover 
roads with a dust blanket making traffic more 
difficult. 

Their initial outbreak is stirred up by several 
causes which, singly or in combination, act 
to produce dust storms of particular inten¬ 
sity in terms of strength and duration. Now 
we shall review these factors in more detail. 

A wind blowing at over 6-10 m/s starts up 
and sustains the development of sand storms. 
Although their occurrence probability is the 
highest in areas with continental or arid cli¬ 
mate—-the desert, the semidesert, and the 
steppe—dust storms are not unknown for other 
types of terrain, for example the drained peat 
bogs or the Arctic Ocean coast, where a dust 
cloud can travel through the atmosphere at 
different altitudes ranging up to 1.5-5 km. 

Readily windswept surface sediments, like 
sand and texturally finer loess-like rocks, 
contribute to the genesis of dust storms. Soil 
structure and texture also influence the way 
in which a dust storm appears and develops: 
the heavier and coarser the soil, the higher, 
naturally, is the wind speed. An initial wind 
speed of 3 m/s is sufficient to get a dust storm 
started in sandy loam, but in clay soil initial 
speed of approximately 9 m/s is required. 



72 


Cli. i. Atmospheric and Ocean Research 


The larger the soil’s particle size, the less it 
is prone to wind erosion. Soil blowout is 
more difficult where plant residues occur in 
the topsoil. There is evidence that soil par¬ 
ticles, in order to be airborne and carried off 
as suspended solids, must have a diameter 
from 0.01 to 0.05 mm although in stronger 
storms the wind can transport larger particles. 

The color of the dust cloud is determined 
by the type of weathering rocks. Thus it 
turns out black if composed of chernozem; 
yellow, brown or red if carrying suspended 
loams and sandy loams, and white if swept 
up from a solonchak. Many dust storms have 
their origin in human activities (forest cut¬ 
ting, over-exploitation of soils, or reduction 
of river flows) although the workings of the 
process are not as yet fully understood. In 
the late 1960s-early 70s a harsh drought de¬ 
scended upon Sahel—a vast region in the south 
of the Sahara desert. The desiccated soil was 
falling prey to a blowout forming dust storms 
which devastated crop, fields, leading to fam¬ 
ine and even forced migration of the popu¬ 
lation from the areas ravaged by crop failures. 

Although there is no general agreement on 
the proximate causes of the disaster some 
believe it to have arisen out of soil erosion 
by wind, following harsh range abuse and tram- 
pling-out by livestock. The desiccation of 
soil and the rise of dust into the atmosphere 
could be the factor behind the change of cli¬ 
mate, more frequent droughts, and the advance 
of desert on the savannah. 

The initial locations of dust storms vary in 
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size, morphology, character of deposits, and 
position on the globe—they may be beach 
areas, steppes and prairies, or semi-closed 
intermontane depressions. The features of 
climate in the initial development areas of 
dust storms can do much to explain their sea¬ 
sonal patterns. As an example, dust storm de¬ 
velopment in the West Sahara peaks in Jan¬ 
uary and July while for the Aral Sea region 
in the southernmost Soviet Union the dust, 
storm seasons are April to June and August 
to September. 

Dust storms can last anything from a few 
minutes to several days. The strongest of them 
appear in Africa over the West Sahara and 
transport dust to many hundreds and even 
thousands of kilometers. 

In areal extent dust clouds can range up to 
millions of square kilometers. While major 
dust formations typically develop in dry and 
hot climate, the dust storm as such has a global 
extent as the swept-up dust is able to travel to 
almost any area around the world. A dust 
stream of several kilometers may not be a 
single whole. Often it consists of several bands, 
} their number is determined by surface to¬ 
pography and soil structure. 

The dynamic characteristics of dust streams 
have a lot to do with the weather setting. 
I For example, the transport of dust clouds 
| from the Sahara to America rides on large-scale 
I vortexes in the trade-wind strip, taking six 

i ! to eight days. 

I It is obvious that the study of dust storms 
| is of great importance to economic activities. 
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What is of immediate and specific interest to 
specialists? It is important to know how far 
the storms can carry the cloud of airborne 
dust and how much dust can be actually 
removed therein. The data are required by 
geologists to guess possible locations for the 
deposition and accumulation of sediment ma¬ 
terial, by botanists and agronomists to de¬ 
fine areas exposed to the impact of atmospher¬ 
ic salts, and by weather analysts to meet their 
vested interest in being able to judge the ex¬ 
tent of air pollution. Thus many economic 
sectors can benefit by the timely, short- 
and long-term forecast of dust storms. How¬ 
ever, much remains unclear because of insuf¬ 
ficient investigation of dust storm dynamics— 
speed, frequency, and patterns of dust trans¬ 
port—and vertical profiles of dust concen¬ 
tration, humidity, temperature, and wind 
velocity through the dust cloud layers. 

Dust clouds are difficult to investigate from 
the Earth’s surface. Their real extent is even 
impossible to appreciate in most cases, chiefly 
because weather stations are few and far be¬ 
tween in some type regions on the Earth— 
the deserts, the mountains, and the oceans. 

Dust transport routes also defy analysis. 
Indeed, with nothing to help but convention¬ 
al meteorological ground observation data, 
one has problems reconstructing the true pic¬ 
ture of a large air stream traveling to long 
distances. Far from easy, too, is a compara¬ 
tive composition analysis—textural, minera- 
logical and chemical—of dust samples from 
the dust cloud and soil samples from the area 
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of anticipated lift-off of dust, unless there 
is at least an approximate notion about pos¬ 
sible location of the dust storm’s area of origin. 

Ground measurements of the mass of dust 
clouds can only be very approximate, rely¬ 
ing as they do on measurements made at 
separate points. A rough estimate of dust 
content by ground-based observations is pos¬ 
sible by analysing samples of dust-cloud aero¬ 
sol, measuring atmospheric transparency and 
gauging dust depositions after the storm has 
passed. Any credible extrapolation of point 
ground measurements over large distances 
to estimate the mass of dust injected into the 
atmosphere by a dust storm presents a dif¬ 
ficult problem. 

A global-scale study of dust storms became 
feasible with the development of space re¬ 
mote sensing observation methods. They pro¬ 
vide extensive information about the distri¬ 
bution, dynamics and places of origin of dust 
formations. Dust storm dynamics is best 
followed from geostationary satellites “hang¬ 
ing” motionless above certain equatorial Earth 
regions. 

Space surveys provide the most reliable 
and accurate source of data about trajecto¬ 
ries of'dust storm particles. The surveys made 
clear (61, among other things, that cyclones 
carry dust from North Africa’s deserts across 
the Mediterranean into Europe, and from 
East Africa across the Red Sea into Asia. The 
longest atmospheric transport of dust is an 
over 5000-km route from the Sahara to the 
American coast. 
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Only with the advent of spaceborne obser¬ 
vation capabilities has it become possible to 
judge real dimensions of the dust clouds. 
Thus it has been found [6] that the dust clouds 
born in the Aral Sea region attain 200 to 
400 km in length and those originating in and 
around the Mesopotamian Lowland range 
from 500 to 800 km. The greatest extent of 
dust cloudiness—over Africa and the Atlantic 
Ocean—runs up to a few thousand kilometers. 
Correspondingly, the extent of dust clouds 
also varies widely, from thousands to mil¬ 
lions of square kilometers. In 1974 orbital 
sensing detected over the Atlantic and West 
Africa a dust cloud nearly seven million 
square kilometers in area. 

Space facilities have been able to discover 
a fascinating pattern to the origin of Saharan 
dust storms [6], In effect, dust is carried out 
from the Sahara into the Atlantic Ocean in 
a series of pulses so that for each cloud on 
its way over the Atlantic Ocean there is a 
new dust cloud nascent over Sahara. Images 
received from orbit often captured at one 
time two or even three dust clouds traveling 
one after another. The traveling speed of 
dust clouds can be determined by observing 
them from space. Because the spatial distribu¬ 
tion of dust clouds is clearly visible in space 
images their mass can be measured with 
good accuracy when point ground measure¬ 
ments of atmospheric visibility and trans¬ 
parency are available. 

Relying on daily all-year-round remote 
observations of the Earth’s surface from 
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space, researchers have been able to estimate 
the mass of dust transport in the atmosphere. 
It thus transpired that from 60 to 220 mil¬ 
lion tons of dust was raised each summer into 
the atmosphere from the Sahara desert, the 
worlds’ largest breeding ground for dust 
storms. The total atmospheric input of dust 
from the areas adjacent to the Aral Sea amounts 
to 75 million tons per year. Large dust storms 
are capable of taking aloft from 7 to 10 mil¬ 
lion tons of dust within 10 to 15 hours. 

In remote sensing studies of dust storms 
from satellite orbit, one can look to the ra¬ 
diance of the ocean surface and atmosphere 
for an indication of optical depth of the 
dust-laden atmospheric layer; a 1.5 percent 
variation of aerosol content causes the ra¬ 
diance to alter by one percent. On closer in¬ 
spection, the density of negative images of 
underlying surface was found proportional to 
aerosol dispersion. This makes it possible to 
monitor from on-board the satellite .the dy¬ 
namics of particular jet streams in a dust 
cloud, study airborne dust settlement rates, 
and even to measure diameters of suspended 
dust particles. 

Sec. 3. Contact Sounding of Atmospheric and 
Ocean Parameters Using Unmanned Probes 

Remote sounding of the atmosphere and ocean 
from a satellite orbit was shown in the pre¬ 
vious chapters to be able to secure in a short 
time large' quantities of meteorological and 
oceanographic data. The quality of the satel- 
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lite information is never too high, however, 
chiefly because we are unable to appreciate 
with a sufficient accuracy the impact of the 
terrestrial atmosphere on the measurement 
results. This makes contact measurements as 
important as remote sounding for understand¬ 
ing key characteristics of the atmosphere and 
ocean such as precipitation, clouds, and sea 
currents. 

Direct in situ measurements have an en¬ 
hanced usefulness for research on nonstationary 
phenomena in the atmosphere and ocean be¬ 
cause a detailed structure of the elemental 
phenomena like the tropical cyclone or dust 
storm is practically impervious to observation 
with conventional technologies. Viewing it 
requires an imaging capability on-board the 
satellite, but also a capability for continuous 
direct measurement of atmospheric and ocean 
parameters in the study regions over a lengthy 
period, preferably from the birth of an ele¬ 
mental phenomenon to its abatement. 

The management of programs which study 
in situ nonstationary atmospheric and ocean 
phenomena from the Earth’s surface appears 
to be difficult, chiefly because the time and 
location of the origin of these phenomena is 
unpredictable and because the breeding grounds 
of typhoons, hurricanes and dust storms are 
typically found in inaccessible areas. Further¬ 
more, none of the conventional vehicles used 
to take an instrument payload into the area 
afflicted by the phenomenon being studied, 
has both the sufficient effective range and the 
appropriate operational speed. Hence the pre- 
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sent bias to pass up in research the more in¬ 
triguing and essential natural phenomena for 
the sake of those which seldom appear in the 
operational range of existing instrument 
carriers. 

Space technologies can be very helpful in 
these applications. Orbital automatic probes 
can promptly detect an elemental phenome¬ 
non, whisk research instrumentation into 
the desired area, acquire and process scientific 
information, and locate balloons and oceanic 
buoys. 

Below, we suggest a feasible program flow 
for contact sounding of atmospheric and ocean 
parameters based on unmanned space tech¬ 
nologies. 

Operational detection of a nonstationary 
phenomenon. A multiprobe orbital vehicle is 
injected into a satellite orbit. Its instrument 
module holds observational and recording 
equipment to be used in conjunction with 
ground information processing facilities for 
prompt operational detection of nonstation¬ 
ary phenomena in the regions of our current 
interest. 

Notably, the coupling in one vehicle (probe) 
of an instrument module with observational 
and recording instruments and several de¬ 
scenders imposes disparate requirements on 
orbital parameters, thereby more or less lim¬ 
iting the areas on the Earth’s surface open 
to observation from the satellite orbit. With 
a mind on observing the atmosphere and 
ocean over a wider range of zones, one should 
go for a higher, best of all geostationary orbit; 



80 


Ch. 1. Atmospheric and Ocean Research 


for the lander to make a fairly accurate de¬ 
scent into the specified area on the land or in 
the ocean, low-circular orbits are desirable. 
The only way, then, is to seek a compromise. 

Many of the ongoing Soviet space programs 
geared for global remote sensing studies of the 
atmosphere and ocean go beyond the use of 
dedicated meteorological and oceanographic 
satellites to involve any others that might 
be orbiting at a given moment. 

Broad new opportunities come with in¬ 
ternational cooperation in this area. As known, 
national space programs in many countries 
give increasing recognition and status to 
space-based environmental monitoring efforts. 
Collaborative international systems, now being 
put together, use satellite applications based 
on the Soviet Meteor , US Landsat, French 
Spot, and Japanese MOS-1. 

Operational delivery of research equipment 
into target regions. Several in-orbit descend¬ 
ers containing each one or several balloons 
and buoys are coupled with an instrument 
module. The idea is to have the descenders 
deliver safely the balloons and buoys to a 
pre-assigned area of atmospheric and ocean 
studies, varying the array of the measuring 
and recording instruments to suit the research 
objectives. The balloons and buoys, along 
with the measurement and imaging apparatus, 
are designed to match their operational life 
with the average time available to study a pro¬ 
cess of interest. As an example, the opera¬ 
tional lives of ten and thirty days are adopted, 
respectively, for the balloon and buoy to ex- 
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plore in situ tropical cyclones and dust storms. 

Collection and processing of scientific infor¬ 
mation. The measured values of atmospheric 
and ocean parameters are stored in digital 
form on the balloon or buoy in special mem¬ 
ory devices. In the periods while the sat¬ 
ellite remains in the mutual radiovisibility 
range with the balloon or buoy the stored 
information is transmitted to on-board the 
satellite and relayed to the Earth—to data 
acquisition and processing stations. Good 
performance for this application is now ex¬ 
pected of the COS PAS-S ARS AT and Argos 
international satellite systems. 

Location of balloons and oceanic buoys. 
Radio equipment installed on-board the sat¬ 
ellite’s orbital instrument module and on 
the balloons and buoys is capable of measur¬ 
ing distances between them and the rate at 
which these distances change. The results 
are transmitted to a ground computing center 
and it is there that the required location is 
determined. 

The method just, described for the contact 
sounding of atmospheric and ocean parameters 
through the use of spaceborne capabilities 
has important advantages over the convention¬ 
al investigation methods based on ground weath¬ 
er stations, ships, aircraft or weather rockets. 
The method ensures prompt operational de¬ 
livery of measuring instruments into a spe¬ 
cific study area. The study may well be global 
in scope. Lastly, the method is universal and 
therefore capable of being used for multiple 
scientific applications. 


6-01334 
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In fact, it seems possible to investigate the 
phenomena needing synchronous measure¬ 
ments in several regions of the globe, each 5 
to 10 thousand kilometers apart. A further 
possibility is to create a regular network of 
atmospheric balloons and buoy stations with 
global coverage. 

The method can effectively support re¬ 
search on stationary phenomena that require 
sufficiently long schedules of simultaneously 
sensing different atmospheric and ocean layers 
at any desired location around the world, 
as for example in sounding of atmospheric 
and ocean parameters for regions of intensive 
heat-and-mass exchange (currents, coastal 
strips, areas of deep-water uplift, and other 
similar sites). 

This is an all-weather method since the 
delivery of scientific equipment from orbit 
into a desired area of research is independent 
of weather (conditions. 

The experience to date with remote sensing 
studies from space indicates that the method 
of contact atmospheric and ocean sounding 
is implementable with the current level of 
technological development. One of the sec¬ 
tions that follow will instance the research on 
tropical cyclones to present key problems in 
design of satellite-borne systems for contact 
sounding of the atmosphere and ocean and 
outline possible ways of their technological 
solution. 
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Sec. 4. Global Environmental 
Monitoring System 

The United Nations Conference on the Hu¬ 
man Environment, held in Stockholm, June 
1972 was the first forum to assemble a single 
body of evidence concerning the state, direc¬ 
tion of changes, and ways of protecting the en¬ 
vironment. 

The Conference called for international 
cooperation on environmental problems and 
reminded that humankind was not only a 
triumph of nature, but also—and primarily— 
a part thereof, and that its very existence, 
let alone prosperity, crucially depends on how 
the nearest neighbors feel, that is, man and 
his environmental surroundings. 

The Conference adopted 29 principles, 
among them the following all-important for 
our subject: science and technology, as part of 
their contribution to economic and social devel¬ 
opment, must be applied to the identification, 
establishment and control of environmental 
risks and in the solution of economic problems 
for the common good of mankind. 

Here we wish to make the United Nations 
Environment Programme (UNEP) an example 
to illustrate the role and posture of ecological 
environmental monitoring in the overall com¬ 
plex of ecological concerns. One of these— 
a shared activity of several UN specialized 
agencies—applies to solving the mystery of 
tropical cyclones and typhoons by observing 
them via a monitoring system. The system, 
called GEMS, or the Global Environmental 
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Monitoring System, constitutes an important 
UNEP segment with functions analogous 
to those of a technical library. And as in a 
library, GEMS data are rigorously organized, 
annotated and cross-referenced. 

Because the volume of information is ex¬ 
tremely great the traditional ordinary methods 
of data recording and storage give place in¬ 
creasingly to computers with their staggering 
data handling capabilities. All data files are 
stored in computer memory, on magnetic 
discs or tapes. In the not-so-distant future a 
satellite-borne sensing system will quite prob¬ 
ably have the capacity to provide infor¬ 
mation on several parameters with respect to 
every hundred square meters on the Earth’s 
surface, this output alone demanding of the 
system to be able to store something like ten to 
the power twelve bits of information. 

Instant availability of most information 
upon request precisely when and as needed 
is a critical requirement for such a system. 
To be able to respond to the need, “data banks” 
are created within the system. Based on state- 
of-the-art computer technology, they will 
permit the recording and, most importantly, 
very fast retrieval and readout of necessary 
idformation blocks. The readout, of course, 
will use the most convenient user format, for 
example, visual display or communication 
as calculation inputs (according to the pro¬ 
gram already stored in the computer memory) 
using an alfanumeric device on pape|>or in 
any number of ways. Instead of rummaging 
in books on library shelves specialists will 
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turn to visual displays or computer terminals 
linked with the central processing unit and in 
future perhaps via these with any satellite as it 
passes over the surface area of interest. 

The principal purpose assigned to the GEMS 
system keeps it permanently observing the 
environmental state in order to develop in¬ 
formation about the critical points at which 
nature calls for man’s salutary intervention. 
The underlying GEMS concept is rather sim¬ 
ple: no effective control is possible without 
knowing the design and workings of the con¬ 
trolled plant or system. This equally ap¬ 
plies to a combustion engine and aircraft or to 
the environment. But whereas the engine or 
aircraft are fully understood* if only because 
both are man’s creations, the environment and 
nature in general provide us with no such 
knowledge in any direct way and therefore 
no opportunities to control them. 

The GEMS is called upon to monitor con¬ 
tinuously the environmental state and keep 
track of ecological trends to forestall unde¬ 
sired consequences of intervention into the 
natural course of environmental phenomena 
and arm decision-makers with sufficient envi¬ 
ronmental inputs to draw up realistic plans 
of action. 

Another important aspect of GEMS activity, 
known as “assessment”, implies the follow¬ 
ing. Millions of bits of information digested 
and feedbacked by the environmental monitor¬ 
ing system are only meaningful if systemat¬ 
ically arranged. This is done on many differ¬ 
ent levels. The top level is about making 
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decisions with respect to a particular natural 
phenomenon. Thus the “assessment” is the 
aspect of the environmental monitoring 
system that determines its utility. 

“Assessment” starts with a preliminary exam¬ 
ination of the problem in hand, notably the 
attempt to formalize its very understanding. 
This modeling effort may yield results by 
which the required action can be effected 
and followed up by redirection of the moni¬ 
toring system to keep track already of the 
latter’s results and prompt to experts and 
operative organisations ways of formulating 
a further action plan. 

Both “assessment” and monitoring became 
such important aspects of the science of 
environmental management that specialized 
agencies were instituted to satisfy the need 
for independent expertise. One of these is 
MARC—the Monitoring and Assessment Re¬ 
search Center attached to London Univer¬ 
sity. 

The GEMS-related activities would be im¬ 
possible, of course, without broad interna¬ 
tional links. Nor could the program be effec¬ 
tive without the support of many countries’ 
governments and cooperation of several spe¬ 
cialized UN agencies—the Food and Agri¬ 
culture Organisation (FAO), the World Health 
Organisation (WHO), the World Meteorolog¬ 
ical Organisation (WMO), and the UN Edu¬ 
cational, Scientific and Cultural Organisation 
(UNESCO). 

With GEMS as the test case, let us see which 
environmental aspects can be addressed within 
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the scope of the global environmental moni¬ 
toring system. 

Environmental pollution and human health. 
The literature refers now and then to the me¬ 
dieval habit of ingesting small amounts of 
arsenic in the belief that it improves complex¬ 
ion and makes the person more attractive. 
There might have been another reason: wary of 
arsenic poisoning, people rendered their or¬ 
ganism immune to the poison. Alas, both 
these rationales are questionable: it has been 
ascertained that 6.7 ppm in the human brain 
can cause congenital mental debility and 
even death. On the other hand, a few ppm in 
water, fish and even in human body make up 
such a low concentration as to remain unde¬ 
tectable with current methods to any degree 
of assurance. 

One GEMS activity studies the environ¬ 
mental impacts of “selected”, or “priority” 
pollutants, among them DDT, cadmium and 
lead, whose effects on man, generally speak¬ 
ing, are not fully understood to date. This 
uncertainty prevents appropriate legislative 
action from being taken now although lead 
is generally accepted as dangerous to the 
central nervous system and especially threat¬ 
ening to the brain of the newborns and small 
children. However we are only just beginning 
to find out those maximum concentrations 
which shall not be exceeded in any event. 
Fifty nursing mothers from several countries 
have been subjects in an experimental re¬ 
search, as part of a programme of monitor¬ 
ing the quality of breast milk, its other con- 
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cerns being lead and cadmium concentrations 
in human blood. 

The global environmental monitoring sys¬ 
tem as it relates to human health has the 
aim to gather data on environmental concen¬ 
trations of pollutants and their pathways 
from source to man. The World Health Orga¬ 
nisation (WHO) is running in fifty countries 
200 air quality monitoring stations with 180 
of them strategically located in 60 cities widely 
differing in climate, predominant lifestyle 
and air pollution profile. The feedbacks from 
these stations provide the information sup¬ 
port for a future project which aims to define 
methods for assessing the effect of atmospheric 
pollutants on the environment. 

Food contamination is a major health risk. 
The DDT problem is now familiar to everyone. 
Probably less familiar to the reader are risks 
from the mycotoxins—the products of fun¬ 
gal organisms growing on wheat, rye, nuts, 
etc. if improperly stored. They claimed 
hundreds of thousands of human lives, and 
presently the FAO and UNEP are co-sponsor¬ 
ing a special project on mycotoxins, with 
some of the project work undertaken in the 
USSR as well. 

Acid rain is another kind of environmental 
exposure leaving in its trail leafless trees, dead 
fish in rivers and lakes, and rusting skeletons 
of formerly operational structures. This is a 
result of man’s activities, for as a result of 
burning vast quantities of fuel, sulfur, which is 
a valuable and useful chemical, is released into 
the atmosphere where it becomes extremely 
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noxious and hazardous. A simple chemical 
reaction converts it into sulfuric acid, which 
dissolves in the rain and falls. 

Control of this adversity begins necessarily 
with an understanding of the process in dy¬ 
namics, above all the long-range transport 
of pollutants in air masses, heedless of na¬ 
tional boundaries. Sources of pollution may 
be thousands of kilometers away from the area 
where its ill-effects are experienced. Canada 
and Scandinavia seem to be strongly afflicted 
by acid rain; one-fifth of Sweden’s 100 thou¬ 
sand lakes have already lost all their fish. 

Besides monitoring as such, the UNEP has 
a special project of this topic, the Global Bio¬ 
geochemical Cycle of Sulfur, which the USSR 
is participating in. Combined with the in¬ 
formation from the centers monitoring air- 
mass transport, this provides additional pos¬ 
sibilities to observe processes that bear on 
the circulation of sulfur in nature. 

Much of the stratosphere is taken up by the 
so-called ozone layer. Ozone is an oxygen form 
with three atoms in its molecule instead of 
the usual two. Neither plants nor animals can 
live in an ozone-rich atmosphere, but without 
an ozone layer at between ten and fifty kilo¬ 
meters above sea level no life on earth is 
possible at all. This is because of all atmo¬ 
spheric components ozone is the one to ab¬ 
sorb the hard ultraviolet radiation of the 
Sun. In large doses, the hard UV radiation 
is deadly for most of the terrestrial and ma¬ 
rine fauna. In 1974 the ability of carbon chlo- 
rofluorides, more habitually known to us 
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as freons from their use in refrigerator equip¬ 
ment, to be accumulated in the atmosphere at 
high altitudes was proved. There, solar ra¬ 
diation contributes to their degradation re¬ 
leasing chlorine atoms that destroy the ozone 
layer by a complex chemical reaction. 

The UNEP’s Coordinating Committee on 
the Ozone Layer declared that unless the 
use of freons subsided there was bound to be 
soon a 5 to 10 percent reduction of the ozone 
layer triggering a chain of dire consequences. 
There was good evidence that no significant re¬ 
sults of the ozone layer depletion would be 
felt or detectable by monitoring in the next 
30 to 50 years, by which time the process 
might become absolutely irreversible. Here, 
too, the global environmental monitoring 
system makes its contribution by supplying 
the relevant information to the organisations 
and agencies concerned. 

Atmospheric carbon dioxide (C0 2 ) presents 
a contentious problem in that different ex¬ 
perts predict different consequences from in¬ 
creasing carbon dioxide concentration in the 
atmosphere. But all agree that the first out¬ 
come of burning large quantities of fuel will 
be the so-called greenhouse effect that will 
increase the average temperature of near¬ 
surface air and then of topsoil; this in turn 
will cause a climatic warming with not alto¬ 
gether predictable consequences. One of these, 
as currently projected, will be glacier- and 
ice-melting in the Arctic and Antarctic, at¬ 
tended by partial inundation of the conti¬ 
nents. Estimates indicate that an average an- 
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nual temperature rise of 5 °C would in 20 years 
raise sea level by five meters—enough to 
plunge under water Leningrad, New York, Wa¬ 
shington, London, Stockholm, Calcutta, Sin¬ 
gapore, Jakarta and of course all lower-lying 
areas on land. 

High precision measurement of the C0 2 
atmospheric concentrations began in 1958 as 
part of the International Geophysical Year. 
The measurement methods are now so well 
developed that need only two measurement 
stations on the Earth’s surface for the C0 2 
content of the atmosphere to be monitored. 

A note on renewable resources seems rele¬ 
vant here. While we know a great deal about 
forests, rangelands, grasslands and fields in 
which wheat, rye, corn and other staple crops 
grow, our knowledge of the oceans covering 
70 percent of the Earth’s surface remains scanty. 
Three hundred years ago 10 percent of the 
global land surface was converted to agricul¬ 
ture. Now this figure is 35 percent. 

It is now well understood how potential pro¬ 
ductivity of agriculture varies with geographic 
location. We realize, for example, that 22 
percent of that productivity is controlled by 
soil composition in North America, 44 per¬ 
cent by the amount of rainfall in Africa, and 
thus for each major region or continent. But 
we also realize that agricultural production 
is assured only on 11 percent of the land area, 
most of which is in Europe, and Central and 
North America. 

Some futurologists predict that the Earth’s 
population will have nearly doubled by the 
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turn of the next century. This will demand 
at least a twofold growth in food production. 
We put the qualifier “at least” because the 
current situation worldwide clearly fails to 
provide an adequate quantity and quality of 
food for the entire global population. This 
deficit is more painfully obvious in develop¬ 
ing countries which possess the most unused 
land resources. We need to maximize the 
output from already existing cultivated areas 
and extend their scope where possible. Wheth¬ 
er we do it extensively or intensively, both 
exert at least some adverse effects but princi¬ 
pally soil degradation, wind erosion, salini¬ 
zation, etc., all of which reduce affluent crop¬ 
ping areas, ultimately, to deserts and 
semideserts. 

The Stockholm Conference pointed to the 
need for utmost urgency in the implementa¬ 
tion of measures to stem the expansion of deserts 
and control soil degradation and in accomplish¬ 
ing programs to sustain renewable resources 
in the regions at risk. In 1972 the monitoring 
capabilities under this set of goals were still 
in their infancy but more than ten years of 
work in this field, first, have made it a science 
of substance and, second, established a cer¬ 
tain GEMS priority there so that relevant 
FAO and UNESCO programs are coordinated 
precisely by UNEP via the GEMS system. 

The year of 1979 saw the start of a four- 
year project, costing more than one million 
dollars, to investigate the physical, chemical 
and biological properties of soils in the middle 
East and North Africa (north of the equator) 
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by means of laboratory research, field surveys, 
and satellite imagery. Data on wind and water 
erosion of soils were extrapolated and pub¬ 
lished in 1 : 5 000 000 scale showing regions at 
various risk of erosion. These maps in con¬ 
junction with supportive data provide an 
excellent source of reference in the formula¬ 
tion of land-use policies. As one important 
realization, current cost-effectiveness figures 
are not the only basis in planning for the rout¬ 
ing of railways and motor-roads and there 
must be proper consideration of the ecological 
factors and trends appropriate to the regions 
served by them, as part of the overall concern to 
preserve nature for future generations. 

The monitoring of soil degradation and 
expansion of deserts is a priority task and 
must be coupled with other concerns in the 
management of renewable and other resources 
to put them into a perspective for solution. 

We shall now attempt to introduce a defini¬ 
tion: ecological monitoring is measuring tho 
parameters of state and current variations of 
climate, soils, plant and animal resources, and 
the impact of contemporary anthropogenic 
activities on them. 

The GEMS program draws from three 
distinct sources of information in monitoring 
renewable resources: earth resources satellites, 
aviation systems providing finer detail but 
at staggered intervals, and ground-based obser¬ 
vation programs that offer the finest detail. 
All the three sources are mutually comple¬ 
mentary. 

This book describes the very methods relied- 
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upon for the attempted coordination of the 
first and third sources so as to span the in¬ 
formation gap between the satellite orbit and 
the earth’s surface. 

The whole body of information occurring 
from the various sources is apportioned on a 
geographic and timely basis according to 
physical, climatic and other characteristics; 
after being calculated on computer it is pre¬ 
sented as a model of numerous blocks from 
which any necessary fragments can be recalled 
if and when needed. Having the ability to 
quickly perceive particular short-term or sea¬ 
sonal changes, the available global environ¬ 
mental monitoring system provides a means 
to organize similar but long-term systems to 
avoid adverse results from predicted events. 

The GEMS is also concerned with the future 
of tropical forests. The reasons are, first, that 
the broad tropical forest belt which girdles the 
globe contains a substantial proportion of 
the world’s biomass; it provides a habitat 
for many unique forms of life; it influences 
world climate and makes an integral, essen¬ 
tial part of the global environment. Second, 
there is a nagging concern for the condition 
of tropical forests, spurred by constant media 
reports about apparent “catastrophic situa¬ 
tions” which all too often are not founded on 
real quantitative information. Third, there 
has been for some time a compelling need for 
a realistic and comprehensive review of the 
situation to make an order of “campaigns” and 
plans of action. 

We shall highlight some of the statistics that 
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was developed, not least with GEMS support, 
in the course of a four-year study of global 
tropical forest resources initiated in 1977. The 
results to date, although giving no cause for 
complacency, indicate nonetheless that the 
situation is not as tragic as usually depicted. 

The tropical forests are being cut at a rate 
of 15 hectares per minute, or, to put it different¬ 
ly, an area the size of New York is lost to 
cutting every four days. On the other hand, 
if the present rate of destruction should persist, 
still 88 percent of the global total of 30 mil¬ 
lion km 2 will be standing by the end of this 
century. Furthermore, the forests of the Ama¬ 
zon basin, Zaire and Indonesia, which together 
comprise 48 percent of the world’s total trop¬ 
ical forest, will have decreased on the average 
by six percent. 

This trend notwithstanding, tropical for¬ 
ests will be wiped out altogether by the year 
of 2000 in nine countries and halved in an¬ 
other eleven if the existing pace of forest cut¬ 
ting is allowed to continue. Together, these 
twenty countries add up to a low 1.5 per¬ 
cent of the world’s total but even these rela¬ 
tively minor percentages represent an integral 
part of the local environment. 

Experience gained from satellite observa¬ 
tions of arid regions—deserts and semideserts— 
is effectively applied to the monitoring of 
tropical forests. The project conducted by 
the FAO (UN Food and Agriculture Organi¬ 
sation) was accomplished by the use of sat¬ 
ellite imagery. During fourteen months in 
1977-78 a total area of 500 000 sq km was 
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mapped across three countries—Togo, Benin, 
and Cameroon. Its key finding has been that 
satellite information can furnish a large por¬ 
tion of needed forest vegetation data and do it 
at moderate cost, as the entire project comes 
to less than one million US dollars. If the 
satellite information was integrated for the 
project it was not because it is superior to, but 
because it costs less than conventional data. 
Moreover, ground measurements also, although 
on a limited scale, had to be applied if only 
to calibrate the information received from or¬ 
bit and for subsatellite “referencing” of the 
images. However for most problems of a qual¬ 
itative nature, for example, observing forest 
vegetation processes, a satellite-based data 
acquisition system is unquestionably the most 
cost-effective option. 

In the project geared to the three African 
countries 25 Landsat images were used. They 
provided full coverage of their surface and 
enough discrimination to separate out 15 spe¬ 
cific zones varied in elevation above sea level, 
extent of precipitation and type of vegetation. 

Even though this research involved manual 
processing and interpretation of the satellite 
images, more recent experiments have shown 
these processes to be amenable for automation 
and computerization. The ways to do it will 
be discussed later. 

The output from monitoring tropical forests 
can be presented at different levels of which we 
shall review only three: (1) global, suited 
for the assessment of trends in the changes of 
the global tropical forest resources; (2) region- 
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al, which helps the countries concerned to eval¬ 
uate the impact of these trends on their own 
and neighboring economies; and (3) national, 
which allows a baseline status evaluation of 
tropical forests to be included directly into 
economic development planning. 

Atmospheric pollution constitutes another 
important area of concern for GEMS. The re¬ 
lated studies extend in two directions. The 
first deals with background monitoring, i.e. 
with determining concentrations of atmo¬ 
spheric pollutants in the world’s “cleanest” 
regions. It appears that in evaluation of at¬ 
mospheric pollution, as in geodetic surveying, 
there is the need for datum points of sorts— 
those measured concentrations of pollutants 
which characterize the overall extent of pollu¬ 
tion in regions farthest removed from the sources 
of pollution. Their averaged values over a 
network of special-purpose “datum” measur¬ 
ing stations should give near-ideal values for 
the concentrations of specific pollutants in 
the entire terrestrial atmosphere. 

Each datum station comprising the atmo¬ 
spheric pollution monitoring network is in a 
region with air clean enough to meet the stan¬ 
dards of the World Meteorological Organisa¬ 
tion. There is a GEMS datum station at the 
South Pole, a few others on islands in the open 
ocean or on high mountain tops. As of now, 
there are twelve baseline stations fully in 
operation and four at the design stage. True, 
their cost is high, as exemplified by the one- 
million-dollar station to be installed on Mount 
Kenya. In addition to routine monitoring of 
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weather parameters, they measure chemical 
composition of precipitation, solar radia¬ 
tion, concentration of C0 2 , N 2 0 and CO; total 
and surface ozone, condensation nuclei and 
the amount of airborne solids. Procedures for 
this kind of analysis are rather complex— 
they require, other things apart, a high de¬ 
gree of standardization to permit the compari¬ 
sons of findings between stations. Also, spe¬ 
cial measurement laboratories are needed for 
instrument calibration throughout the net¬ 
work. 

The second activity creates a network of 
“ regional ” stations for atmospheric pollution 
monitoring. As with the stations just discussed, 
their location must be far enough from prin¬ 
cipal sources of pollution and yet remain with¬ 
in regions for which they provide service. 
This enables them to avoid the influence of 
local short-term fluctuations of air pollution 
on the results of their measurements while 
still keeping them sensitive to integral con¬ 
centration levels of pollutants in the region 
concerned. Determining the global trends of 
atmospheric pollution calls ideally for one 
station in a region about 500 000 sq km in 
area, or 1000 stations for global surface cov¬ 
erage. So far, 110 such stations have been 
established. The basic similarity of the mea¬ 
surement programs and the identity of the 
methods and instruments used with the base¬ 
line counterparts enables a direct comparison 
of the results between them. 

A quantitative analysis into the present 
state of atmospheric pollution gives cause for 
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concern. While the content of aerosol parti¬ 
cles in the air at the Mauna Loa baseline sta¬ 
tion in Hawaii remained constant at the level 
of 0.03 throughout 1972-76, the regional sta¬ 
tion in Baltimore, USA, reported seven times 
higher concentrations in 1972 but eighteen 
times higher in 1976. 

The World Glacier Inventory goes back to 
1975 when the International Commission on 
Snow and Ice published its research results on 
the motion of tongues in some glaciers. Fol¬ 
lowing reorganisation of the Commission in 
1976, this effort re-emerged under the aus¬ 
pices of the UNESCO and the Swiss Federal In¬ 
stitute of Technology as a World Glacier In¬ 
ventory, which is now a GEMS activity. Over 
750 glacier stations in twenty-one countries 
supply information about heat, ice and water 
balance which is fed into a computer data bank. 
Plans for the near term are to complete the 
processing effort on this data file and pro¬ 
ceed with the formulation of laws to relate 
glacier behavior with climate. 

Great hopes are being placed on a space- 
borne monitoring system for routine remote 
sensing measurements but in addition for 
identifying perhaps previously unknown gla¬ 
ciers in inaccessible regions. 

The aspects of atmospheric pollution and 
glacier behavior form parts of the large GEMS 
Climate-Related Monitoring Programme. As 
distinct from the concept of “weather” that 
defines short-term effects on time scales of 
weeks, days and even hours, “climate” reflects 
the interactions taking place amongst the 
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ocean, the atmosphere, the land, and ice over 
decades and longer. 

Understanding the climate is fundamental 
to understanding the environment and it is 
not surprising that in trying to comprehend 
both scientists are confronted with the neces¬ 
sity to define the laws of functioning of an 
enormously complex system. Climatic mod¬ 
els—even the most simple ones—incorporate 
hundreds of interacting factors while only 
two elements, the ocean and the atmosphere, 
suffice to require consideration of at least 
thirty variables, many of them interacting 
with one another and none especially easy to 
define and formalize—from tides and ebbs to 
shortwave radiation. 

This is further complicated by the need to 
allow for the continuous variation of past 
climate year to year and millennium to millen¬ 
nium, with a few recognizable cycles that are 
multiples to millions of years. Even though 
it is 300 years now since the invention of the 
thermometer, regular observations of air tem¬ 
perature did not begin until 100 years ago. 
If it is considered further that our knowledge 
about the planet is estimated by a period going 
back a few hundred million years, it becomes 
clear that, compared with the historic time- 
frame of climate formation, hundred years of 
documented climatic awareness are, to use the 
jargon of electronic engineers, but “a low noise 
against the main process in the background”. 

Most of the time in the past the Earth has 
been free of polar ice. Consequently, the 
time we live in is rather an exception than the 
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rule. The last ice age was probably between 
250 and 300 million years B. P. and over that 
entire period until the date of about five mil¬ 
lion years ago the Earth had been ice-free. 

Evidence from the Greenland ice sheet 
reveals that between 8 and 16 thousand years 
ago the mean annual global temperature 
increased by several degrees in one thousand 
years. Whereas the warming rendered the 
Northern Hemisphere more habitable for var¬ 
ious forms of life, it concurrently changed 
the Sahara from savannah to desert. If such 
temperature leaps were to occur in the future 
too, they would be virtually bound to cause 
similarly profound effects. 



Chapter 2 

Models of Tropical Cyclones 


The development of a spaceborne system for 
contact sounding of the atmosphere and ocean 
begins with an understanding of tropical cy¬ 
clone characteristics that affect the choice of 
parameters for both the whole sounding sys¬ 
tem and its individual components. The 
set of these typhoon characteristics with the 
indication of a numeric variation range for 
each of them will be defined in the following 
discussion as model parameters. In addition 
to physical characteristics such as vertical 
and horizontal dimensions, wind velocity, tem¬ 
perature and pressure in the typhoon, and 
the latter’s lifetime, the model parameters 
should include the location of typhoon breed¬ 
ing grounds, rate of occurrence and trajecto¬ 
ries of motion. 

Although some of these model parameters 
were earlier referred to in Chapter 1 this was de¬ 
scriptively done to clarify the type and features 
of a nonstationary atmospheric phenome¬ 
non of current interest to meteorologists. The 
parameters will be further concretized below 
by attributing to each a quantified range of 
its possible variations, 
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Sec. 5. Physical Model of Typhoons and 
Hurricanes 

Horizontal and vertical dimensions. Tropical 
cyclones have rounded or elongated oval 
shape, their horizontal dimensions controlled 
generally by the least diameter of the ultimate 



Fig. 2. Mean diameter of the Pacific typhoons against 
latitude 


closed isobar. The diameter varies with the 
latitudinal position of the cyclone center so 
that at higher latitudes the cyclone grows ac¬ 
ross. 

As an example, the graph in Fig. 2 shows 
the mean diameter of the Pacific typhoons 
against their latitude. It will be seen to be 
magnified by about 500 km every time the 
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latitude of the typhoon center moves up by 
another 10 degrees. In the tropics, the Pa¬ 
cific typhoons have a minimum size of 80 km 
and a maximum size of 1600 km; outside the 
tropics, the typhoons may grow to be 3000 km 
across. 

The Atlantic hurricanes are not as large as 
the Pacific typhoons, their average dimensions 
in the tropics seldom exceeding 150 to 200 km 
although the largest of them can reach 600 km. 
The strongest hurricanes of those born in the 
Atlantic in 1959 possessed the following di¬ 
mensions: Hurricane Edith, 300 km; Hurri¬ 
cane Flora, 400 km; and Hurricane Grace, 
450 km. 

The active propagation height of tropical 
cyclones approaches 15 km. Thus, to a first ap¬ 
proximation sufficient for ballistic design, the 
cyclone can be depicted as a 15-km high cyl¬ 
inder, its diameter varying with the cyclone’s 
latitude. The cylinder incorporates a “fun¬ 
nel" known as the eye of the typhoon, which 
on average is 20 to 25 km across. While there 
are practically no winds inside the funnel 
its walls, nevertheless, constitute the zone of 
maximum rotation and correspondingly of the 
strongest winds. The wind velocity beyond these 
limits slows up dramatically. The funnel 
walls vary in thickness from a few tens to 
rarely one hundred kilometers. With the pres¬ 
ent level of knowledge, the elements in the 
physical model of cyclones can conceivably 
be depicted as follows. 

As noted earlier, the wind velocity near the 
cyclone center is moderate, 5 m/s or less but 
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increases with the distance from the center 
and attains a maximum {80 to 100 m/s) at the 
eye-of-the-storm boundary. Beyond the bound¬ 
ary, the wind velocity recedes with the ex¬ 
panding diameter. 

It also recedes with altitude but its vari¬ 
ation gradient is dissimilar at different 
heights. Up to 6.0 km, equivalent to the pres¬ 
sure of 500 mb, the wind speed varies slightly 
only to fall off rapidly above that altitude. 
At the height equivalent to 200 mb the wind 
velocity is halved. In mild typhoons the 
rapid decline of the wind speed begins already 
from the 3- to 4-km altitude. 

The wind velocity in the traveling tropical 
cyclone takes on an asymmetric horizontal 
distribution, with the strongest wind in the 
typhoon’s right quarters relative to its di¬ 
rection of progress. The wind current lines 
inside tropical cyclones show a spiral pattern. 
The spiral is characterized by angle a between 
the wind direction and the current radius of 
the storm boundary (Fig. 3). Angle a depends 
on the location of the tropical cyclone center 
and its intensity. Importantly, the angle 
between wind direction and current radius tap¬ 
ers off with the higher latitude and greater 
magnitude of the typhoon. With the latter’s 
progress, angle a becomes larger in the front¬ 
al portion and smaller in the rear portion; it 
decreases with tropical cyclone development, 
to be greater in young than in mature cy¬ 
clones. 

For the physical model of the tropical cy¬ 
clone, the angle between wind direction and 
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current radius provides a very important 
characteristic which affects the dynamics of 
balloons, parachutes and other scientific pay- 
load carriers. Thus the engineering design 


Storm boundary 



Fig. 3. Arbitrary scheme of the wind current line 
in the tropical cyclone 


and development of such carriers can be di¬ 
rected to averaged values of angles a which 
vary with the point of entry of wind current 
lines in the various sectors of the storm’s hor¬ 
izontal cross section. We shall divide the 
horizontal cross section of the tropical cyclone 
into 16 sectors reckoning them clockwise from 
tropical cyclone direction. Then the average 
angle a values in each sector are equal to 
those given in Table 4. 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
a, deg 56 51 52 51 45 41 44 43 49 54 55 54 52 57 62 52 

Table 5 

Pressure drop, 

Ap, mb 10 

20 

30 

40 

50 

60 

Wind velocity, 

V, m/s 25.9 

36.7 

44.9 

51.9 

58.0 

63.5 

Pressure drop, 

Ap, mb 70 

80 

90 

100 

110 

120 

Wind velocity, 

V, m/s 68.6 

73.3 

77.8 

82.0 

86.0 

89.8 


The air pressure mean in the tropical cyclone 
center amounts to 950-1000 mb. A feature 
of tropical cyclones is a large pressure drop 
with relatively minor changes of the dis¬ 
tance from the center. The largest horizon¬ 
tal pressure gradients in the typhoons may be 
1 to 2 mb per every kilometer of the distance. 
Furthermore, a pressure drop between the low- 
pressure center and the high-pressure storm 
periphery shows a consistent relationship 
with the maximum wind speed in the tropical 
cyclone, as shown in Table 5 and Fig. 4. The 
relationship is of a kind making wind speed 
V in the typhoon increase with a deepening 
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pressure drop Ap. For example, a 10 mb pres¬ 
sure drop between the center and periphery 



Fig. 4. Variation of wind velocity V in the tropical 
cyclone with A p, the pressure drop between the storm 
center and periphery 

matches the wind speed of 26 m/s, which in¬ 
creases to 73 m/s should Ap build up to 80 mb. 


Sec. 6. Areas and Rate of Origin of 
Tropical Cyclones 

The probable breeding grounds for tropical cy¬ 
clones are essential to know for proper se¬ 
lection of the satellite orbit for observing the 
atmosphere and ocean and homing descenders 
with a payload of scientific measurement 
instruments in the effective range of a ty¬ 
phoon or hurricane. As discussed earlier in 
Chapter 1, there are several regions on the 
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Earth where tropical cyclones originate the 
most frequently. Multiannual statistics sug¬ 
gest that on average the ocean nurture ty¬ 
phoons at the rate of about 60 a year; on the 
regional basis, the mean annual rate of trop¬ 
ical cyclones stands at 7.9 for the northern 
Atlantic Ocean including the Caribbean Sea, 
28.0 for the northern Pacific Ocean (from 
Asia to longitude 180°), 8.3 for the northern 
Pacific Ocean (from North America to longi¬ 
tude 180°), 1.2 for the northern Indian Ocean, 
6.8 for the southern Pacific (between 140°E 
and 140°W), and 5.3 for the southern Indian 
Ocean. 

There are distinctly identifiable geograph¬ 
ic zones of possible origin of typhoons bounded 
by the following coordinates: Zone 1, 5 to 
35°N and 100 to 160°E; Zone 2, 10 to 45°N 
and 100 to 40°W; Zone 3, 5 to 25°N and 75 to 
95°E. These zones can provide orientation in 
the choice of suitable satellite orbits. 

One essential model consideration bearing 
on the appointment of the satellite launching 
date and the operational life of its instrument 
package relates to the most probable season for 
tropical cyclones and the length of their life 
cycle. 

We shall summarize in Table 6 the results 
of multiannual observational statistics on 
tropical cyclones with an indication of their 
monthly average rate. This table can be used 
to select the best timing of typhoon research 
for each region. It is only practical to opt 
for the month in which tropical cyclones are 
expected with the highest probability of oc- 



Northern Atlantic 
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0.1 
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0.5 

Northern Pacific (from 












Asia to 180° longi¬ 
tude) 

0.5 

0.4 

0.3 

0.8 

0.9 

1.9 

4.3 

6.5 

4.9 

3.8 

2.2 

Northern Pacific (from 












America to 180° lon¬ 
gitude) 

0 

0 

0 

0 

0.2 

1.3 

1.4 

1.6 

2.4 

1.2 

0.1 

Northern Indian Ocean 

0 

0 

0.1 

0.2 

0.2 

0.1 

0 

0.1 

0.2 

0.3 

0 

Southern Pacific Ocean 












between 140°E and 
140°W 

2.0 

1.5 

1.7 

0.4 

0.1 

0.1 

0 

0 

0 

0 

0.2 

Southern Indian Ocean 

1.6 

1.5 

1.0 

0.4 

0.1 

0 

0 

0 

0 

0 

0.2 
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currence. As is evident from Table (5, Septem¬ 
ber should be the month of choice for the 
northern Atlantic Ocean, August for the 
northern Pacific from Asia to 180° longitude, 
September for the northern Pacific from 
America to 180° longitude, October for the 
northern Indian Ocean, and January for the 
southern Pacific and Indian Ocean. The 
statistics in Table 6 make it plain that a 
tropical cyclone is most likely to be detected 
in the Northern Pacific region from Asia to 
180° longitude, where they are born at the 
rate of 6.5 every August—the highest average 
rate of emergence of the tropical cyclones in 
similar regions. Satellite orbit selection is 
widely influenced by the average length of ty¬ 
phoon life cycles whose run over 70 years for 
the northwest Pacific is given in Table 7. 


Table 7 


Characteristics 

June 

13 

>-* 

August 

September 

October 

November 

Total life of typhoons 
over 70 years, days 


1227 

1351 

1368 

1073 

795 

Average life per month, 
days 


18 

1 

19 


15 

11 

Total number of ty¬ 
phoons over 70 years 


263 


310 

213 

148 

Average life cycle, days 

4 

5 

4 

4 

5 

5 
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Sec. 7. Trajectories of Tropical Cyclones 

The type of trajectory suggested for the mo¬ 
tion of a tropical cyclone is the latter’s es¬ 
sential characteristic with a great deal of 
influence on many parameters of the space 
system designed for contact sounding of the 
atmosphere and ocean. With respect to ty¬ 
phoon trajectories, it is important to know 
the location and traveling speed of typhoons, 
the way in which their breeding grounds deter¬ 
mine the trajectory, and the predictive ac¬ 
curacy of the typhoon’s trajectory of motion 
versus its expected traveling time. 

The trajectory characteristics, coupled with 
the other model parameters listed above gov¬ 
ern in a number of ways the selection of 
suitable satellite orbits, demands on the on¬ 
board steering and attitude control capabil¬ 
ities of the satellite and descenders, and 
requirements for processing the information 
output. 

From observational evidence, tropical cy¬ 
clones seem to move on trajectories typically 
parallel to isobars. In other words, the pre¬ 
vailing wind current importantly defines the 
typhoon traveling path. And, since the trade 
winds dominate in the tropics, the tropical 
cyclone speed and direction in the early devel¬ 
opment phase practically coincide with those 
of the general wind stream in the area where 
the typhoons take a start. As a result, the nas¬ 
cent tropical cyclones travel normally due 
west in the equatorial margin of subtropical 
anticyclones. 
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Tropical cyclones, nevertheless, harbor in¬ 
ternal forces working to curve their trajectory 
northeast or east in the Northern Hemisphere 
and south or southeast in the Southern Hemi¬ 
sphere. Indeed, in the general case, the air 
within the tropical cyclone is driven by the 
action of baric gradient—the force created 
by the pressure drop, centrifugal force and 
the Coriolis force. Because the Coriolis force 
increases with latitude, for mature tropical 
cyclones with a sufficiently large diameter 
the difference of the Coriolis force between 
the extreme north and south points is quite 
appreciable. The resultant Coriolis force acts 
in the northward direction for a Northern 
Hemisphere typhoon and in the southward 
direction for a Southern Hemisphere typhoon. 

In the general case, therefore, the Coriolis 
force bends tropical cyclones poleward in 
both hemispheres and the so-called Rossby 
effect sets in. The effect is the stronger and 
the poleward displacement the more dra¬ 
matic, the greater the dimensions of the ty¬ 
phoon in question are. In mature typhoons the 
trajectories may be bent by 1 or 2° latitude 
per day. Many trajectories exhibit a well- 
defined turning point, or critical point. As 
a typhoon approaches the critical point it ab¬ 
ruptly slows its speed to a minimum value, 
practically to zero, and almost stands still 
for a while, sometimes for a few successive 
days, only to resume progress after a drastic 
change of direction. 

The tropical typhoon travel from then on 
depends on many factors. A small perturbing 
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pulse can “tip llit* balance” and semi the trop¬ 
ical cyclone further on one of many possible 
trajectories. But again, its direction of mo¬ 
tion is likely to change time and again near 
the critical point, and even pitch off a loop, 
for example. It is not unusual for either trop¬ 
ical cyclones to follow altogether disparate 
trajectories beyond the critical point in two 
apparently similar situations. 

To accurately predict a typhoon trajectory, 
especially after reaching the turning point, a 
thorough analysis of many factors is needed, 
first and foremost of the system of air streams 
in the troposphere and within the tropical 
cyclone itself—something that is rarely 
achieved. 

Heterogeneity of the underlying surface and 
temperature of the surface water layer have 
a pronounced influence on the tropical cy¬ 
clone trajectory. For typhoons and hurricanes, 
the trajectories resemble sometimes regular 
geometric shapes—straight lines, parabolas 
or hyperbolas, not infrequently distorted 
by convexities, concavities, loops and south- 
westward or southeastward shifts. 

In modeling, tropical cyclone trajectories 
can be classified by type according to their 
direction and pattern. On this principle, the 
trajectories of tropical cyclones can be iden¬ 
tified with one of the following six types, 
based on many years’ statistical observations: 

(1) an eastern type, for the tropical cyclones 
which move east to west; 

(2) a southeastern type, for the tropical 
cyclones moving southeast to northwest; 
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(3) a southern type, for the cyclones moving 
south to north; 

(4) a southwestern type, for the cyclones 
moving southwest to northeast; 

(5) a parabolic type, for the cyclones on 
the parabolic trajectory with its bulge pointed 
westward; 

(6) an irregular type, for the tropical cy¬ 
clones having other trajectories than the above 
five types. 

The largest proportion of tropical cyclone 
trajectories, about 47 percent, is the para¬ 
bolic type in which one branch of the parabola 
corresponds to their westward path, another 
to the eastward path, and the vertex to the 
turning point. To be sure, this pattern for the 
motion of tropical cyclones is a mere approxi¬ 
mation and their actual path cannot be thus 
simple. 

The southeastern type, representing 21 per¬ 
cent, is second-largest and the irregular type, 
third-ranking in frequency terms, makes up 
44 percent. The southwestern and eastern 
types account for 7 percent each, and the last 
and most infrequent, southern type claims 
4 percent. 

Although tropical cyclones progress on 
average at 20 to 25 km/h their speed generally 
increases with the geographic latitude of the 
cyclone center: it is 8-10 km/h near the Equa¬ 
tor but boosting to 40-50 km/h in temperate 
latitudes. 
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Sec. 8. Prediction of Tropical Cyclone 
Trajectories 

To reliably predict the trajectories of typhoons 
and hurricanes is extremely difficult. It re¬ 
quires knowing exactly the laws of general 
atmospheric circulation and the whole set of 
air streams over the Earth, on the one hand, 
and numerous particulars of atmospheric be¬ 
havior in the breeding grounds of the tropical 
cyclone in the few hours following its birth, on 
the other. A particular value is set on the 
ability to anticipate unexpected turns of the 
trajectory with sufficient lead time. 

Suggested trajectories for the motion of 
typhoons can be computed by a variety of 
methods which fall, according to their basic 
characteristics, into climatological, synoptic, 
statistical, and hydrodynamic. 

Of these, the climatological predictions bas¬ 
ically assume that a tropical cyclone in the 
region of interest will develop in future a speed 
and direction identical with the averaged 
typhoons’ speed and direction in a certain re¬ 
gion over the last few decades. Usually, the 
regions in the tropics and oceans where trop¬ 
ical cyclones occur are broken down into 
smaller areas a few degrees on a side. The cli¬ 
matological predictions show a moderate ac¬ 
curacy making them practical only in the 
absence of current operational information 
about a tropical cyclone. 

The synoptic predictions exploit two types 
of inputs: averaged data on past behavior 
of tropical cyclones and current reports from 
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weather stations, aircrafts, and satellites. 
This current information enables forecasters 
to come up with improved accuracy of the 
climatological forecasts. 

The statistical type of prediction involves the 
use of mathematical methods, specifically the 
systems of equations which describe a future 
motion of a typhoon taking into account the 
position of and the pressure in the typhoon 
center, and variation of these and other factors 
over the previous hours or days. Equation 
coefficients for these systems are selected on 
the strength of available past statistics with 
respect to tropical cyclone trajectories. Al¬ 
though similar in appearance to the clima¬ 
tological forecasts, the statistical predictions 
involve calculations in such a great quantity 
as to require computers to handle them. 

Of the multiple procedures that exist for 
statistical forecast making, some predict fu¬ 
ture behavior of the tropical cyclone to an ac¬ 
ceptable accuracy. However the statistical 
methods in general are inadequate to study the 
impacts of tropical cyclone parameters on 
their trajectory under new and nonstandard 
conditions without the backing of documented 
previous history. 

At present, forecasters adopt increasingly 
for practical predictive applications the hy¬ 
drodynamic methods based on the physical laws 
of motion of liquids and gases. If one knows 
an initial state of some atmospheric param¬ 
eters and has available a set of complex 
differential equations from hydro-aerodynam¬ 
ics, the predicted atmospheric parameter val- 
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ues in the effective range of typhoons can 
be computer-estimated with good accuracy 
in space and time. The method has in fact 
been used to predict a tropical cyclone trajec¬ 
tory to within 250 km for one day ahead and 
550 km for two days. Yet, the synoptic fore¬ 
casts remain more accurate for the time being, 
to within 220 km or so for one day and 480 km 
for two days. 

The hydrodynamic methods seem deficient 
chiefly in that many tropical cyclone param¬ 
eters, e.g. size and strength, are not known 
in advance and likely to change considerably 
over a period of their evolution. Some charac¬ 
teristics of typhoons and hurricanes, e.g. 
frontal resistance factor, are altogether unob¬ 
tainable by direct meteorological observa¬ 
tions. 

This has led some specialists to suggest 
methods combining the advantages of the 
statistical and hydrodynamic techniques. One 
of these, reviewed by Rostkova and Ordano- 
vich in [181, is a method of learning model. 
It provides a finer resolution on the tropical 
cyclone parameters that are not known in 
advance by learning from the trajectory length 
familiar up to a point in time. Beyond that 
point, the prediction of the trajectory relies 
on the hydrodynamic method. 



Chapter 3 

Operational Detection of 
Tropical Cyclones from 
Satellite Orbit 


Sec. 9. Main Objectives of 
Satellite-borne Detection System 

The investigation of typhoons by contact 
sounding of atmospheric and ocean param¬ 
eters performed by instruments delivered 
from orbit will be the more effective, the 
earlier they are detected in the open ocean. 
The needed operational capability for rapid 
detection of tropical cyclones is provided by 
enormous area coverage of the Earth’s sur¬ 
face from orbit. Pertinent statistics reveal 
a notable growth of annually detected trop¬ 
ical cyclones since the start of regular sa¬ 
tellite observations. Interestingly, most of 
them were spotted in the earliest development 
phase and forecasters have been able to make 
an accurate prediction of the typhoon’s 
further progress and development. 

As discussed in Chapter 2, tropical cyclones 
are contrasted from their environment by 
the characteristic shape of clouds, the higher 
temperature and lower pressure in the center, 
strong wind, and large wave height. To de¬ 
tect any of them from orbit requires contin- 
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uous monitoring of one or several parameters 
of the atmosphere and ocean. 

Analysis and processing of optical, infra¬ 
red and radar images of cloud systems pro¬ 
vide critically important information on trop¬ 
ical cyclones. Thus enhanced convective cloudi¬ 
ness pinpoints the nascent typhoon. As it 
develops, the cloudiness becomes more and 
more like a comma with the center of the 
depression at its apex. Further on, the cloud 
cover over the central part expands up to 100 
and 300 km across and there are spiral cloud 
bands converging toward the center. Follow¬ 
ing an analysis of the cloud cover over the 
tropical cyclone, both its development stage 
and the maximum wind speed in it can be 
determined with sufficient accuracy. Satel¬ 
lite surveillance of the cloud cover can give 
a clue to a problem second in importance 
only to typhoon detection—the problem of 
locating the storm center. 

By visually observing cloud formations 
and by use of their TV and photo imagery 
one locates the typhoon’s eye and works from 
its position to pinpoint the tropical cyclone 
center. This method is most accurate unless 
the eye is ill-defined—then the tropical cy¬ 
clone center can be identified as the point of con¬ 
vergence of the spiralled cloud formations 
or, lacking other clues, as the center of the 
cloud system over the tropical cyclone although 
this approach demonstrates low accuracy. 

Presently, satellite data inputs allow the 
tropical cyclone center to be rather accurately 
determined to within 30 to 50 km. The errors 
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depend primarily on geographic referencing 
of cloud cover imagery, image quality and, 
naturally, the interpreter’s competence. The 
accuracy of locating a typhoon is noticeably 
affected by its degree of development so that 
the center of a full-blown typhoon is definable 
with a greater precision. The striving for im¬ 
proved timeliness in monitoring for and 
detection of typhoons makes it important 
to try to locate in advance their suspected 
breeding grounds. 

A discussion in Chapter 1 has already point¬ 
ed to atmospheric perturbations as the trig¬ 
ger starting the development of typhoons. 
There have been reports of sighting such per¬ 
turbations from a satellite and of being able, 
in these cases, to predict the appearance of 
a tropical cyclone. Below we shall provide 
a list of characteristic signs in the state of 
the atmosphere and ocean, which most prob¬ 
ably accompany the origin of typhoons; 

—an area of lower pressure than ambient; 
—perturbations of any kind in the trop¬ 
ics; 

—a rise of sea surface temperature to 27 °C 
or more; 

—a decrease of wind with altitude; 

—a slow motion of the trigger perturba¬ 
tion, or seedling, at 20 to 30 km/h; 

—a closed air circulation at low altitude; 
—a cloud convection build up to above 
normal; 

—a heated air layer, its thickness greater 
than the average air layer thickness in 
the tropics within the pressure ranges 
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2 x 10 4 -5 X 10 4 Pa or 3 X 10 4 -7 X 
10 4 Pa; 

—perturbations over the warm center or 
the crest of the air layer with the pres¬ 
sure of 2 x 10 4 -5 X 10 4 Pa. 

To sum up the foregoing, the basic goals 
of the satellite system designed for opera¬ 
tional detection of tropical cyclones are: 

(1) to identify regions likely to generate 
typhoons in the near future, from observa¬ 
tions on cloudiness and by measuring other tell¬ 
tale parameters of the atmosphere and ocean; 

(2) to detect typhoons; 

(3) to locate the areas where typhoons first 
appear; 

(4) to determine the trajectory of tropical 
cyclones and predict it for the next few days; 

(5) to analyse atmospheric and oceanic pro¬ 
cesses in the effective range of typhoons; 

(6) to measure principal storm characteris¬ 
tics—wind speed, temperature, pressure, ver¬ 
tical and horizontal dimensions, etc.; 

(7) to forecast the rate of progress in ty¬ 
phoon development. 

Even though the satellite systems on tropi¬ 
cal cyclone detection missions may differ in 
their selected orbit parameters, remote sens¬ 
ing instrument designs and so forth, they must 
always be assigned the basic duties of observ¬ 
ing the underlying surface; recording the 
acquired information and, if necessary, relay¬ 
ing it to earth for verification and analysis; 
information processing on board or on the 
ground into a format convenient for analysis; 
performing the analysis and sending a tropical 
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cyclone detection message complete with the 
indication of its position. Obviously, all these 
tasks must be accomplished with maximum 
speed and efficiency. 

The time of search for a burgeoning tropical 
cyclone depends on the satellite orbit—low- 
circular, highly elliptical, etc. and type- 
manned or unmanned. They are the points 
we shall discuss next. 

Sec. 10. Satellite Orbit 

Satellite movement. First, let us offer some 
basic theory on the orbital motion of satellites 
which we feel is necessary to understand the 
following discussion. 

The Earth’s satellites travel by the funda¬ 
mental laws of gravitation. Their movement is 
given by a system of three ordinary second- 
order differential equations. This means defin¬ 
ing six independent parameters to fully under¬ 
stand satellite behavior in orbit. The parame¬ 
ters may be either the initial conditions of 
motion (three components of the vector satel¬ 
lite center-of-mass position and three com¬ 
ponents of its velocity vector corresponding 
to a certain initial moment of time), or a 
set of six integration constants for the differ¬ 
ential equations of motion or, simply put, 
six independent orbit parameters. 

Usually, the former method is applied for 
sufficiently accurate numerical calculations 
of orbit parameters, evaluation of their be¬ 
havior in time, and prediction of the spacecraft 
center-of-mass position and speed at any 
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specified moment of time in future. The second 
way of giving orbit characteristics offers great¬ 
er latitude for visible presentation of the 
spacecraft trajectory of motion in space rela¬ 
tive to the rotating Earth. Needless to say, 
there is a relationship between the system of 
the initial conditions of the spacecraft center- 
of-mass movement and the system of orbit 
parameters. 

At a first approximation, our planet can be 
seen as a sphere of homogeneous spherical 
layers. A celestial body of that kind should 
be capable of attraction as if its entire mass 
were concentrated in the center. In mind of 
this its gravitational field is dubbed central. 
Free motion of a material point in the central 
field follows an ellipse, parabola, or hyperbola. 
All these orbits lie in planes passing through 
the Earth’s center. Accordingly, the satellite 
moves on an elliptical or, in the particular 
case, a circular orbit. 

The parameters controlling the satellite 
orbit are generally referred to as orbit ele¬ 
ments. The most widely used system of orbit 
elements is as follows: semi-major axis of 
elliptical orbit, a; eccentricity e, inclination i, 
pericenter argument <n, longitude of the ascend¬ 
ing node, Q; and the time of passage through 
the pericenter, t (Fig. 5). 

Figure 5 illustrates the position of an 
elliptical orbit trajectory in space. The satellite 
orbital plane cuts the equatorial plane on the 
nodal lines , the nodes being points of inter¬ 
section of the equatorial plane by the satellite 
orbit. As the satellite crosses from the South- 
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ern into the Northern Hemisphere its orbit 
cuts the equatorial plane at the ascending 
node ; if it passes from the Northern Hemisphere 
into the Southern the orbit cuts it at the 
descending node. Letters P and A in Fig. 5 



Fig. 5. Spatial position of the trajectory of the ellip¬ 
tical satellite orbit 


identify respectively the perigee and apogee 
of the satellite orbit—the points corresponding 
respectively to the minimum and maximum 
satellite distances from the Earth’s center. 

The spatial position of the orbital plane is 
controlled by three of the above six satellite 
orbit elements; they are the three angles: 
inclination i, longitude of the ascending node 
Q and pericenter argument to. 
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Orbital inclination i defines the angle be¬ 
tween the equatorial and orbital planes having 
its vertex in the ascending node. The positive 
values of i correspond to the angle as reckoned 
counterclockwise from the eastern direction 
at the Equator. The satellite moves due east 
if the inclination lies in the range of angles 
0 < i < it/2 but its movement occurs due 
west if in the range Jt/2 < i < n. 

Equatorial orbit— the orbit keeping the satel¬ 
lite on permanent station above the Equator— 
has two corresponding values of orbital in¬ 
clination, i = 0 and i — 180°. In the former 
case, the direction of satellite travel matches 
that of the Earth’s rotation; in the latter, 
it goes opposite to the Earth’s rotation. 
Finally, inclination i — 90° corresponds to 
polar orbit— the orbit running over both the 
North and the South poles. 

Longitude of the ascending node is the 
angle between the nodal lines and a fixed 
line in space directed from the Earth’s center 
into the vernal equinox point. Together with 
inclination, this orbit element defines its 
position in space. 

Perigee argument © is the angular distance 
of perigee P from the ascending node reckoned 
in the orbital plane in the track direction. 

The remaining three orbit elements apply 
to defining its shape and size and the satellite’s 
position in near-Earth space at any moment of 
time; they are semi-major axis of the orbital 
ellipse a, eccentricity e and the time of passage 
through the pericenter x. 

Semi-major axis a is the orbit semi-diameter. 
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Eccentricity e is the ratio of the distance 
between the orbital center and focus to the 
semi-major axis which characterizes orbital 
extension. 

Satellite motion in its orbit may be given by 
one of the following parameters (Fig. 6): 



Fig. 6. Orbit elements in a plane 


$—true anomaly —the angle between current 
radius vector r and the line of apsides (i.e. the 
line connecting the orbital apogee and perigee 
points); 

E—eccentric anomaly —the angle between 
the line of apsides and the radius of auxiliary 
circle r' — a, drawn into the circle’s point 
of intersection with the perpendicular to the 
line of apsides passing through an orbiting 
point (the satellite center of mass) (Fig. 6); 

u—argument oj latitude —the angle mea¬ 
sured in the satellite traveling plane in the 
direction of movement from the ascending 
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node to current radius vector r. Numerically, 
the argument of latitude equals the sum of 
angles co and i.e. u ~ co -f ft. 

While making ballistic calculations for the 
trajectories of motion one sometimes can 
conveniently operate a system of equations 
having true or eccentric anomaly as their 
argument with no other orbit element affected 
but the time of passage through pericenter r. 

For a more precise examination of satellite 
motion it should be considered that the 
Earth is not a homogeneous sphere but rather— 
though just as approximately—an ellipsoid 
with nonuniformly distributed density of 
matter. Thus satellite motion comes up against 
air drag, gravitational anomalies, solar and 
lunar attraction. In reality these perturba¬ 
tions have the combined effect of continuously 
changing the orbit elements—the fact to be 
considered in the design and development of 
the satellite system for operational detection 
of tropical cyclones from orbit. 

Specific choice of orbital parameters for 
operational detection of tropical cyclones. 
Among the factors to be considered for the 
selection of orbital parameters, the major 
ones include the laws of satellite orbital 
motion that have just been discussed; the 
mode of surveying specified regions on the 
Earth’s surface; the specifics of data inputs 
that need to be reviewed (these will be detailed 
further); the launcher capabilities to place 
the spacecraft on orbit; broad compatibility 
of selected orbit parameters to permit growth 
for possible other applications, e.g. delivery 
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of research instruments from the satellite 
into a desired target area and localization of 
balloons and buoys in space; on-board observ¬ 
ing and recording instruments capabilities 
such as Earth-observing swath width, reso¬ 
lution of the instruments used, and so forth. 

Keeping a constant gaze on the required 
Earth’s surface area to spot tropical cyclones 
and track their development is feasible with 
satellites in the so-called geostationary orbit, 
an equatorial circular orbit 36 000 km high 
to allow one satellite revolution around the 
Earth within the sidereal day. A satellite 
traveling with the Earth’s rotation in a geo¬ 
stationary orbit would appear motionless to 
an earthbound observer. In that case, using 
the on-board equipment package one should 
find it relatively easy to arrange for monitor¬ 
ing the same region on the Earth. 

The Earth’s surface coverage from a geo¬ 
stationary orbit, which provides an 18 000 km 
spherical diameter of the surface visibility 
range, should be sufficient for tracking tropical 
cyclones practically all along their path from 
the birth to abatement. The geostationary 
orbit thus appears to be the most convenient 
vantage for operational detection of a typhoon 
and monitoring of its progress. 

It may be less of a vantage for other tasks 
such as descending from orbit probes with a 
payload of research instruments into a tropical 
cyclone and locating the balloons and buoys 
situated in and traveling with a tropical 
cyclone. Circular or near-circular orbits seem 
better suited for these applications, flying 
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the satellite at lower altitudes, from 500 to 
1000 km, over the Earth’s surface. 

Let us examine several low-circular orbits 
that can accommodate both the operational 
detection and tracking of typhoons and the 
delivery of balloons and buoys into their 
effective range. But first we shall explain 
why it is the circular orbits that are the best 
for typhoon-monitoring applications and not 
the elliptical albeit low orbits. The point is 
that circular orbital missions provide the same 
scale of television and infrared images; this 
facilitates image data processing on computers 
and speeds up the compilation of photo¬ 
mosaics, thus affording ultimately a greater 
ease and efficiency of tropical cyclone detec¬ 
tion. 

A regular overpass of the same regions is 
achieved by circular geosynchronous orbits. 
To be considered geosynchronous, and orbit’s 
period of revolution must be a multiple of the 
sidereal day and this is why a satellite pass 
over the region of interest takes an integer¬ 
valued temporal cycle (one-, two-, or three-day 
observational cycle). The highest rate of 
data acquisition on circular geosynchronous 
orbits is once in 24 hours. Going to a higher 
rate will solely be achievable with more geo¬ 
synchronous satellites simultaneously in orbit. 
The low-circular geosynchronous orbit is defi¬ 
cient in that satellite sensing instruments flown 
in repeated passes over the same regions on 
the Earth will be viewing a comparatively 
narrow band of underlying surface, whereas 
the target typhoon trajectories can sometimes 
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be as long as ten thousand kilometers or 
more. The net result is occasional inability 
of a single geosynchronous satellite to track 
the tropical cyclone throughout. Parameters 
of a low-circular satellite orbit—inclination i 
and height h —can be selected to ensure system¬ 
atic global surface coverage through a series 
of repetitive scans. However this will signifi¬ 
cantly increase the time interval between two 
successive scans of the same underlying surface 
site which is an undesirable alternative for 
obvious reasons. The only way out then is 
to put up more satellites into the same orbit. 
In effect, a constellation of three satellites 
in one orbit seems sufficient to afford oper¬ 
ational detection of tropical cyclones and 
monitoring of their progress with a good repeat 
timing. 

To make any region on the Earth amenable 
to satellite observation, orbits of large in¬ 
clination are desirable. Usually two orbit 
types are used to satisfy the need, polar and 
sun-synchronous. 

Polar (or near-polar) orbits have inclination 
i = 80-85°. Given the swath width of exist¬ 
ing on-board observing instrument technol¬ 
ogies, this should be able to offer practically 
global surface coverage. Indeed, the orbit’s 
projection on the Earth’s surface varies over 
the range of latitudes that equals the inclina¬ 
tion of the orbital plane to the Equator. For 
example, with an 85° orbital inclination the 
Earth’s surface projection of a point on the 
satellite trajectory circling the polar orbit 
will be moving from 85°N to 85°S. And, be- 

9* 
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cause of the Earth’s daily rotation the satellite 
sub-point on the Earth’s surface, rather than 
re _traversing its former path at each revolu¬ 
tion, will be shifting westward relative to its 
position at the previous revolution. Numeri¬ 
cally this westward displacement is equal to 
the angle by which the Earth rotates on its 
axis during the time of the satellite’s period 
of revolution around the Earth. 

Sun-synchronous orbits are uniquely suit¬ 
able for situations in which constancy of the 
temporal conditions for observing the under¬ 
lying surface is required. These orbits possess 
inclinations in the 95 to 100° range. The satel¬ 
lite flying on a sun-synchronous orbit remains 
sunlit for several successive months and passes 
over the same locations at identical local 
times. This offers a number of data acquisition 
advantages over the polar orbit. 

Firstly, the Earth’s surface imaging can be 
scheduled for the most convenient time of 
the convective cloudiness over the target 
areas to be imaged and the Sun’s sufficiently 
high elevation above the horizon. This greatly 
simplifies interpretation of satellite TV images 
and enhances operational efficiency of typhoon 
detection. As a rule, the “most convenient 
local time” occurs between 8:30 a.m. and 
0:30 p.m. 

A further advantage of sun-synchronous 
orbits arises from identity of the physical 
conditions for observing the Earth’s surface 
through a long time interval, offering improved 
quality of the satellite imagery. 

A third, and last, advantage of sun-synchro- 
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nous orbits is the ability to image the Earth’s 
surface on a daily basis—at any moment 
while the satellite’s imaging instruments are 
on and running. 

A satellite launch into the sun-synchronous 
orbit, as opposed to the polar orbit, is directed 
northwest or southwest, thus imposing special 
requirements for the cosmodrome location: 
it dictates that it should be more usefully 
located in higher latitudes to save on the 
launch-vehicle energy expenditure for injec¬ 
tion into the sun-synchronous orbit. 

Sun-synchronous orbits are mostly circular 
because, as pointed out already, this provides 
for constancy of the image scale and ready 
applicability of more simple image processing 
algorithms. The choice of orbital altitudes is 
usually in the 600 to 1500-km range. But, 
where the lowest possible satellite pass over 
the Earth is desirable the choice of the altitude 
for a sun-synchronous orbit should meet the 
constraint of its required active operational 
life; the choice of a higher orbital altitude is 
restricted by the demand on the spatial re¬ 
solution of the acquired image data on the 
underlying earth surface. Generally, in order 
to accommodate the daily track displacement, 
it is common to strive for a higher mission 
altitude in an attempt to widen the viewing 
swath on the underlying surface—at the 
sacrifice of imaging detail. Therefore the 
choice of altitude for the circular sun-synchro¬ 
nous orbit should be decided on a case-by-case 
basis and preceded by the research to find 
ways to meet the conflicting demands that 
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arise out of the attempts at total surface 
coverage with acceptable image resolution by 
on-board instruments having a limited field 
of view. 

Many ongoing space research programmes 
in this country and abroad provide for global 
remote sensing of the Earth’s surface from 
space based on weather, oceanographic and 
earth resources study satellites. Should the 
experiment in contact sounding of atmospheric 
and ocean parameters in the effective range 
of tropical cyclones coincide in time with the 
operational schedules of any satellites engaged 
in remote sensing applications for other 
programs, the latter can and should aid in 
the operational detection of typhoons and 
tracking of their development. 

Let us briefly describe some of these satel¬ 
lites. The Soviet space system Meteor has been 
operated continuously since 1969. The system 
maintains on a permanent basis two to three 
active orbiting weather satellites. These can 
be of two types [19], operational and experi¬ 
mental. The operational spacecraft support con¬ 
tinuous hydrometeorologic surveillance and 
regular global weather data acquisition. The 
operational Meteors are placed on 900-km 
near-circular near-polar orbits with an inclina¬ 
tion of 81.2°. The experimental satellites 
are designed for new instrument testing and 
development missions to expand their suite 
of observational capabilities. 

Using TV and infrared imaging facilities, 
the operational satellites can provide a sub¬ 
stantial part of global surface coverage even 
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from one revolution around the Earth. The 
satellite circles a 900-km orbit in 102.5 min¬ 
utes. The surface projection of the satellite’s 
trajectory of motion is displaced during one 
revolution by 2800 km on the Equator and 
about 1500 km in the midlatitudes. TV and 
infrared sensors provide a swath width of 
2100 km and 2600 km, respectively [19]. 
The respective resolutions are one kilometer 
for the TV scanners and eight kilometers for 
the infrared devices. Clearly, one Meteor 
satellite is incapable of solid global coverage 
without lapses in the equatorial zone. It is 
with total global coverage in mind that two 
or three satellites of the Meteor system are 
simultaneously injected into orbit. They are 
launched in such a way as to have their orbital 
planes displaced along the longitudes of the 
ascending nodes. For a system of two satellites, 
their orbital ascending nodes will differ by 
almost 90° in longitude, and for three satellites 
committed to an observation program the 
difference will be 60°. 

Satellites observing the Earth significantly 
enhance their output if more of them are in 
orbit. Thus two orbiting Meteor satellites 
have been able to acquire data from 80 per¬ 
cent of the Earth’s surface and provide repeti¬ 
tive coverage of each surface region every six 
hours. 

The experimental Meteor vehicles are in¬ 
jected into sun-synchronous orbits with inclina¬ 
tion i « 98°. On these orbits their flying 
altitude is 650 km, down from 900 km for the 
operational Meteors. The lower orbital altitude 
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of the experimental satellites leads to a pro¬ 
portional reduction of the swath width sensed 
by the on-board instruments, from 1300 to 
1900 km, and correspondingly to an improved 
ground resolution, to 0.3-1.0 km. 

Sec. 11. Detection from Manned Orbital 
Stations 

Operational detection of tropical cyclones at 
their earliest possible development stage by 
using spaceborne capabilities belongs to the 
class of problems best solved by a specially 
trained cosmonaut. This is confirmed by the 
experience of multiple long-duration missions 
on the Salyut manned orbital stations [12]. 
Many cosmonauts take a preflight course in 
meteorology studying features of atmospheric 
phenomena and sampling images of tropical 
cyclones to be able to recognize typhoons by 
the characteristic spiral cloud bands, photo¬ 
graph them and locate their storm centers. 
The training course equips them with the knowl¬ 
edge necessary to cope effectively with the 
comprehensive mission programme that in¬ 
cludes visual observation of the ocean surface 
to detect tropical cyclones, investigation of 
their genesis and subsequent development, 
and prompt communication to earth of the 
information about the location of typhoons. 

The missions accomplished by Soviet cos¬ 
monauts on the Salyut orbital stations 
launched into near-circular, 350-km, 52-degree 
orbits have demonstrated the efficacy of visual 
Earth’s surface surveillance for operational 
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detection of tropical cyclones. In some in¬ 
stances, reports from space came ahead of the 
observational results from special-purpose 
weather satellites, contributing to improved 
accuracy in locating typhoons and hurricanes 
in the ocean and computation of their trajec¬ 
tories further on. The results could have been 
more impressive, had it not been for the on- 
and-off character of sounding the atmosphere 
and ocean from the manned orbital station. 
However the much greater duration of the 
Salyut crew missions over the last few years 
gives promise of a more regular future basis 
for the observation by cosmonauts of typhoons 
and hurricanes. 

Human vision is far more effective than 
existing technical means [12]. It has the 
advantages of high sensitivity to contrast, 
high resolving power with a large visual field, 
adequate discrimination of colors, low thresh¬ 
old of visual sensation, capacity for work 
despite major variations of brightness and 
illumination and, finally, fast responsiveness. 
With our current methods it is impossible to 
design all these advantages into a single optical 
system however perfect. 

These strengths of human vision prove them¬ 
selves in cloud cover observation from orbit. 
Many cosmonauts reported [121 that it was 
a high degree of contrast making all the differ¬ 
ence between the visually observed picture 
of a cloud system and its optical instrument 
representation. Under the normal conditions 
of illumination the Iiuman eye can discrimi¬ 
nate contrasts up to 1-2 percent, imaging sen- 
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sors up to 10-15 percent, and TV equipment 
up to 20-25 percent [12]. The greater contrast 
recognition potential of human eyesight allows 
the cosmonauts (with normal visual acuity) 
to scan clearly from a 250-350-km orbital 
altitude details of the cloud system around 
tropical cyclones ranging in size from 100 
to 1200 m. In so doing, a better resolution is 
achieved for the more contrasting cloud for¬ 
mations. 

Flying the low-circular 250-350-km orbit, a 
cosmonaut has a good view of a 300- to 400- 
km swath on the underlying surface. A wider 
swath is out of view because of the atmospheric 
haze. The limited viewing range would not 
let cosmonauts simultaneously watch the whole 
cloud system connected with a major tropical 
cyclone, but does not prevent their tracking 
from orbit the typhoons’ origin and move¬ 
ment. Cosmonauts watched on numerous occa¬ 
sions the cloud cover changes that were early 
signs of the birth of a tropical cyclone, indeed 
sometimes of a whole family of cyclonic per¬ 
turbations. Regular observations on cloud 
cover and ocean surface resulted, among other 
things, in new concepts about a relationship 
between the cyclonic cloud formations and 
surface water layers. Thus during the 1978 
Salyut mission cosmonaut Vladimir Kovalyo- 
nok perceived a relation between drops of 
ocean water levels and the cyclonic type 
cloudiness [12]. 

Visual observations from orbit are distinct 
for their significant and close dependence on 
the physiological parameters of the cosmo- 
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nauts’ vision, giving them a strictly individual 
character. The human eye is subjective in its 
perception of the colors and brightnesses of 
objects even in normal terrestrial conditions. 
Determined by individual optical characteris¬ 
tics of the eye and the physiological features 
of eyesight, the parameters of human vision, 
moreover, are changed under the effect of 
weightlessness, the change being the more 
dramatic, the longer lasts the state of weight¬ 
lessness. This needs to be considered for 
assessing the degree of subjectivity and accu¬ 
racy in visually observing tropical cyclones 
from on-board the manned orbital stations. 

As part of preparing cosmonauts for missions 
on orbital spacecraft and stations, each cos¬ 
monaut has his or her visual abilities (acuity, 
operational working capacity, contrast and 
spectral sensitivity) carefully measured under 
a methodology based on the application of 
special test tables. Similar testing tables are 
present on-board the manned stations. Using 
these tables and data from the preliminary 
ground examination of the cosmonauts’ vi¬ 
sion, its parameters can be verified by compar¬ 
ing similar indicators for the degree of varia¬ 
tion due to weightlessness in a real mission. 

Apart from the physiological characteristics 
of cosmonauts’ vision, the quality of visual 
observations of tropical cyclones is susceptible 
to such other parameters as the time and speed 
of the orbital station’s pass over typhoons, 
inclination of the viewing axis, and distorted 
visible dimensions of the cloud formations in 
tropical cyclones. Most notably, the recogni- 



140 


Ch. 3. Detection of Tropical Cyclones 


tion of incipient (small-scale) typhoons, as also 
details of mature tropical cyclones, depends 
on the time of observing them from orbit and 
their speed of motion in the cosmonaut’s 
field of vision. When the angular speed of 
displacement of an orbital station relative 
to an observed tropical cyclone is greater 
than 20 degrees per second and the observation 
time shorter than 10 to 12 seconds, cloud for¬ 
mation details would be unrecognizable. 

Thus, regular visual observations of cloud 
formations from orbit provide, though with 
some constraints, a means for operational 
detection of nascent tropical cyclones and 
open good prospects for their further investi¬ 
gation. 

Sec. 12. Detection from Low-orbit 
Unmanned Satellites 

Tropical cyclone detection by the cosmo¬ 
nauts who observe them visually, in the course 
of long-term missions on crewed orbital sta¬ 
tions achieves good efficiency and prompt deliv¬ 
ery of data. Yet such stations, permanently 
orbiting on a yearly basis, are not part of 
current remote-sensing practices while the 
cosmonauts usually have tight mission sched¬ 
ules of widely diverse tasks and experiments, 
leaving them little time to systematically 
observe the ocean surface. 

So for now most tropical cyclone detection 
is accomplished by low-orbiting automated 
satellites carrying payloads of sensing and 
measuring instruments and, in some cases, also 
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data processing and analysis capabilities. 
This method of monitoring typhoons must be 
necessarily computerized in full or in part. 
With full computerization, the data handling 
facilities on-board the satellite record, process 
and analyse all of the information acquired 
or only a part of it—then the on-board data 
acquisition and processing facilities are coor¬ 
dinated with ground-based systems of infor¬ 
mation processing and analysis. Under the 
second alternative, the information obtained 
in orbit by remote sensing instruments is 
relayed from the satellite via a telemetry link 
to ground stations and processed only there. 
The post-processing output is examined by 
a weather analyst who determines by character¬ 
istic features whether tropical cyclones are 
present in the geographical area of interest. 

While each system has its advantages and 
disadvantages and its distinctive ways of 
technical implementation, there is one com¬ 
mon element which equally needs to be used 
in ail candidate systems for operational detec¬ 
tion of tropical cyclones. The element com¬ 
prises a package of sensors and sounders 
designed for remotely observing the Earth’s 
surface from orbit. We shall therefore discuss 
at some length specific applications for the 
various observing instrument types. 

12.1. Tropical Cyclone Observing Instruments 

The on-board remote sensing capabilities are 
set the goals of global Earth’s surface cover¬ 
age and coordinate referencing of detected 
typhoons. These broad goals determine a wide 
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range of payload requirements. Indeed, on 
the one hand, it is necessary to ensure global 
monitoring of the Earth’s surface to be able 
to detect tropical cyclones as quickly as pose 
sible and to track their movement as far as 
possible. It is just as necessary, on the other 
hand, to provide for adequate detail in study¬ 
ing individual components of observed objects 
and typhoon centers above all, or else no 
accurate location of the centers and their 
trajectories is possible. 

These requirements are best satisfied by 
a complement to the payload including in¬ 
strument capabilities for remote sounding of 
the Earth’s surface over extremely diverse 
regions of the electromagnetic spectrum, from 
the optical frequencies to the microwave 
band. Earth’s surface imaging from space is 
distinguished into the following broad cate¬ 
gories [5]: photo and TV, both made in the 
wavelength interval X — 0.45-0.75 pm; multi- 
spectral, X = 0.4-1.3 pm; infrared, X = 3.5- 
5.6 and 8-12 pm; and microwave, X = 0.5; 
0.8; 1.35; 1.55; 3.5; and 8.5 cm. 

The first three categories map and measure 
the reflected radiation of the Sun and the 
infrared imaging captures the emitted heat 
radiation of the Earth’s surface; also, the 
infrared range is suited for sensor operation, 
at any time of the day or night. As opposed 
to the first four categories sensing in the 
microwave range exploits an active radar 
principle. This range permits all-weather 
sounding instrument to acquire data on the 
underlying surface and on the characteristics 
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of subsurface layers of cloud cover over tropi¬ 
cal cyclones at any time during the 24-hour 
period. 

We shall now review the parameters of each 
one of the imaging types enumerated above. 

Photographic equipment. Photographic ca¬ 
meras are the most straightforward by design 
and operational principle and the most poten¬ 
tially informative of all imaging technologies. 
Tropical cyclones in the photo images made 
on-board the unmanned satellite look natural 
to the human eye and are readily interpreted 
by their shape, size, tone, and contrast from 
the background image. Typhoon photo imag¬ 
ing achieves the highest resolution of all spec¬ 
tral intervals. Yet, at the stage of searching 
in ocean expanses and having to observe large 
earth surface areas the excessive photographic 
detail can considerably slow down the process 
by unduly complicating image interpretation, 
thus extending the overall processing time. 

Also, detailed photography, if it chooses to 
apply the conventional method of recording 
imaged scenes on photo film, will require 
prohibitively large quantities of it. For 
example, detailed global coverage using the 
230-mm X 230-mm frame will need 75 tons 
of film for the imaging scale 1:60 000 and 
400 kg for the scale 1:800 000; an acceptable 
weight of about 50 kg would require an en¬ 
hanced photographic scale to 1:2 400 000. 
Yet one-time photography of the entire Earth’s 
surface or some particular portion of it is 
usually inadequate to detect atmospheric 
anomalies. The need to repeat photography 
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on a regular basis would excessively magnify 
the film weight. 

The second impediment to the use of photo¬ 
graphic equipment in these applications is 
the long time required for data communication 
to the Earth, specifically by physical delivery 
of the film strips from orbit on landers. 

Thus, detailed photography is only practical 
upon detection of tropical cyclones—as a 
means of selecting the most interesting of 
them for a closer study by contact sounding. 

In the general case, three types of photo¬ 
graphy are practicable in underlying surface 
sensing from orbit: plan , when the camera’s 
optical axis coincides with the vertical; 
oblique, when the camera’s optical axis deflects 
from the vertical by some angle; and panoramic- 
oblique with the capacity to photograph a wide 
surface swath. 

Spaceborne photography can image single 
areas or objects that fit into one image, and 
this is point photography. Or it records a strip 
of terrain in or out of the satellite track, whose 
images are interconnected by the necessary 
forward overlap. The method is called strip 
photography. A third, and last type is areal 
photography which images bands on the ground 
held together by side overlap. Basing on the 
experience of space imaging application, to 
locate single objects and features it is best 
to use 60 percent longitudinal and 25 to 40 per¬ 
cent lateral overlap. When needing the photos 
to recognize Earth’s surface features the 
forward overlap of 30 percent and side overlap 
of 50 percent are required. 
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A designer of orbital photo-imaging tech¬ 
niques should set the requirements to its main 
parameters—focal length, relative lens aper¬ 
ture, exposure, speed, and iilm resolution. 
Their optimal selection critically depends on 
a properly defined evaluation criterion of 
photo-image quality. It is not an easy prob¬ 
lem as there exists, to date, no precise under¬ 
standing of how these parameters relate to 
earth-observing program goals. Nevertheless 
available evidence points to there being at 
least some correlation between the goals of 
tropical cyclone monitoring by cloud cover 
and the ground resolution of the photo images; 
this correlation is given by the formula [14]: 

A II (2/A') 

Here A is ground resolution; / is the focal 
distance of the lens; N is photo-image resolu¬ 
tion; and H is orbital altitude. More often 
than not, designers of photographic cameras 
adopt as the key figure of merit precisely the 
ability to photograph the Earth’s surface to a 
desired resolution. However the only way to 
get a good resolution is with heavy-weight 
and large-size systems. 

In order to define the usefulness of space- 
borne photographic equipment for research 
on tropical cyclones, it is necessary to know 
imaging requirements such as desired image 
resolution, degree of allowance for the Earth’s 
sphericity, necessary combination of photo¬ 
graphic material and light filters, applicability 
of multispectral and multiscaled imagery. 
Much depends also on natural conditions—the 
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atmospheric spectral transfer function, radi¬ 
ance and spatial-frequency variability of sur¬ 
face features, imaging season and time of day— 
and the accepted interpretation procedure. 
Space imaging of the Earth can be accomplished 
over a broad range of altitudes, between 100 km 
and to 6 to 90 thousand kilometers. Photo¬ 
graphy holds a leading position in the Earth 
remote sensing from space using the range of 
altitudes from 600 to 900 km. 

Photo-image-based studies of the Earth’s 
surface employ two methods differing in the 
way surface photo images are delivered to the 
Earth (Figs. 7 and 8). In the first method the 
photographic film is processed on board and 
the pictures transmitted via a radiochannel 
(Fig. 7). The second method relies on descend¬ 
ers to take special containers with photo¬ 
graphic film from orbit to ground data handling 
facilities (Fig. 8). 

Although the second technique provides 
much better images in terms of improved 
resolution it has low efficacy for typhoon 
studies, taking too much time to deliver the 
images to the Earth. There is more promise 
in the way photographic equipment is put 
to use under the first method. In the general 
case, the on-board photographic package con¬ 
sists of one or several cameras, a converter to 
transform negative pictures into electrical 
signals, a developing machine, telemetry 
image communication equipment, and control 
block (see Fig. 7). 

The developing instrument should be able 
to provide high-speed tape transport, good 




Fig. 7. A photographic system flow with on-board 
film processing 



Fig. 8. A photographic system flow with film de¬ 
livery to earth 
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solution temperature stability, automated se¬ 
lection of suitable solution formulations and 
developing modes. Moreover, exposure time— 
a function of photo equipment parameters, 
imaging conditions, and ^ptical characteristics 
of surface objects—also needs to be considered 
for developing quality images. 

It is far from simple to speed up the process¬ 
ing and interpretation by ground stations of 
the image received from the satellite down the 
telemetry channels. As an adjunct to power¬ 
ful computer complexes, the instruments now 
under development such as a display support 
for digital image processing, opto-electronic 
analyzer, etc. will provide a much faster photo¬ 
image processing capability. Its key stages 
[16] will be searching for the video image 
fragment of interest by the latter’s specified 
coordinates; terrain referencing of photo im¬ 
ages; classification of photo images by reso¬ 
lution elements; a man-readable output for¬ 
mat. 

This image processing sequence presupposes 
computer-aided interpretation of the images 
into the digital format. The great incoming 
data rate from the satellite orbit—a strip of 
several thousand images from each session— 
precludes the required operational efficiency 
of the above image processing sequence from 
being reached even by the use of powerful, 
high-speed and large-memory computers. Fur¬ 
thermore, a part of the images will require an 
expert analyst for their interpretation. 

To achieve increased photo-image processing 
efficiency, optical and electronic image con- 
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version methods will, be called for. An image 
analyzer now in tho design stage will integrate 
TV conversion of photo images into electrical 
signals with analog methods of their process¬ 
ing. The analyzer will enable image processing 
to be accomplished practically in real time. 
This data processing mode can also be bnilt 
around a digital computer supported by a 
videomonitor which displays the resultant 
images to permit the operator a rapid change 
of the image processing algorithms to suit the 
incoming data flow. Physically, the sheme 
is implementable as follows flfi]. The space 
image film is located on the analyzer flat illumi¬ 
nator in front of a television camera. Once 
out of the camera, a video signal proceeds to 
the analog processing block and onwards to 
the videomonitor which displays the result¬ 
ant image. 

The photo-image processing scheme so organ¬ 
ized offers the advantages of high speed and 
ease of control by the operators who analyze 
the scenes of the underlying surface. Hut it 
also shows a few disadvantages. Chief among 
them is the comparatively low resolution of 
television camera lubes rendering the system 
ineffective for interpreting surface features. 
Also, because of signal distortions there are 
disturbances of the resultant image paramet¬ 
ers and image interpretation accuracy 
degraded by relatively high intrinsic noise 
of TV lubes. 

TV sensing equipment. The on-board TV 
earth-observing system is usually configured 
of two major elements, the radiation receiver 
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and the photomultiplier lube. Ways of im¬ 
plementing the TV system vary widely but 
in the general approach TV systems are clas¬ 
sified 151 by the type of scan, into mechanical 
or electronic; by type of storage, into system 
with electrical filter, electronic storage, and 
TV photography; by the time of video-image 
conversion into those with on-line data trans¬ 
mission for analysis with simultaneous storage 
and readout and off-line data transmission 
with delayed readout after storage and record¬ 
ing. 

Television imagery has numerous advantages 
over space photography. It obviates the need 
to keep on board a large film stock with its 
subsequent return back to the Earth; it has 
little difficulty acquiring, storing and auto¬ 
matically processing image data; the on-board 
TV sensors have a long life, serve multiple 
applications and make TV image reception 
rather simple. 

At present, unmanned satellites successfully 
obtain global TV imagery, with sun-syn¬ 
chronous orbits best-suited for TV sensing 
of cloud cover at a moderately high resolution 
of 1 to 3 km. The joint operation of two satel¬ 
lites with orbital altitudes of 1000 to 1400 km 
and near-90-degree inclinations provides TV 
coverage of a certain region on the Earth every 
six hours [51. 

The TV systems needed for more efficient 
and speedy detection of the cloud formations 
indicative of tropical cyclones should display 
maximum sensitivity to their spectral res¬ 
ponses in the longwave portion of the visible 
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spectrum while offering sufficiently large 
ground resolution, adequate coverage, and 
high imaging frequency. 

Multispectral imaging technologies. Simul¬ 
taneous orbital imaging in different spectral 
intervals yields Earth’s surface data which is 
second to none in diversity and reliability. 
Multispectral imagery gives a higher probabil¬ 
ity of identifying a tropical cyclone. AI first, 
the probability grows with an increasing 
number of spectral intervals up to a certain 
value, usually five or six, but then it remains 
practically unaltered or even reduced because 
of complexities and errors in data processing. 

Presently in development are multispectral 
sounders [14] applicable for a wide variety of 
scientific and economic uses and adaptable to 
computerized image processing. The sounders 
will have potential for rapid detection of trop¬ 
ical cyclones. Soviet scientists collaborated 
with counterparts from the German Demo¬ 
cratic Republic in the design and practical 
transfer of a multispectral photographic came¬ 
ra, MKF-6, capable of simultaneous imaging 
in six spectral ranges. 

The designers assumed as the figure of merit 
for the MKF-6 camera a 20-30-meter resolu¬ 
tion on the ground from 200 to400-km imaging 
altitude with the minimum focal distance of 
the lens. The MKF-6 multispectral camera 
was tested on the Soyuz spacecraft and Salyut-6 
orbital station. The tests validated the previous 
calculations as the Earth’s surface imaging 
from an altitude of 260-270 km has attained 
the actual resolution of about 20 m [14]. 
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Infrared equipment. Observing instruments 
that operate in the infrared range exploit two 
wavelength bands, X — 0.6 to 2.5 pm and 
X > 3 pm. The former band is used to measure 
the reflected radiation of the Sun and the latter 
to sense the thermal radiation of the Earth. 

In the former I R-measurement range good 
performance in studying the Earth’s cloud 
cover is achieved with X 0.6 to 0.8 pm. 
The spatial resolution in that application is 
between 10 and 20 km. The clouds imaged in 
this range show a lighter shade than seas 
and oceans. 

The instruments operating in the thermal 
radiation range at X > 3 pm locate a tropical 
cyclone by the rather abrupt leap of surface 
radiation temperature between the effective 
range of the cyclone (typhoon) and its environ¬ 
ment, because the emissivities of different 
surface features are varied in this range. The 
surface radiation temperature controlling the 
infrared image signal is linked with physical 
surface temperature. It depends on numerous 
factors, the principal ones being air humidity 
and temperature, wind force and direction, 
time of day, season, cloudiness, fog and pre¬ 
cipitation, and weather over the previous 
days. 

Figure 0 shows a flowchart of an infra¬ 
red radiometer consisting of prism 1, modu¬ 
lating disc 2, filter 3, lens 4, amplifier 5, record¬ 
er 6, and transmitter 7. Not infrequently, 
such radiometers are made multichannel, with 
different filters set in each of the channels to 
be able to emphasize certain spectral bands 
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over the others, if necessary. As an example, 
a live-channel scanning radiometer flown on 



Fig. 9. A flowchart of an infrared radiometer 


one of the American weather satellites mapped 
and measured: 

— thermal radiation in and around the 
intensive absorption hand for water vapor, 
X = 5.7-6.1) pm, giving the opportunity to 
sense the water-vapor layer temperature; 
-cloud-cover distribution over the Earth’s 
surface, top cloud temperature and eleva¬ 
tion, and the Earth’s surface temperature 
in the absence of significant cloudiness 
(X = 7.5-12 pm); 

—shortwave radiation and albedo of the 
atmosphere-Earth’s surface system (X 
0.2-5.5 pm); 

— longwave radiation of the Earth (X 
7.5-30 pm); 

—radiance distribution on underlying stir- 
face (X = 0.55-0.75). 

The five-channel radiometer has inputs in 
the opposite sides of the satellite main body, 
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enabling the oriented satellites to measure the 
difference between radiation fluxes from the 
Earth and space. 

The infrared radiation of sea surface would 
not pass through clouds. Although it thus 
becomes useless as a means of sea surface 
temperature measurement it nonetheless has 
no difficulty sensing the cloud cover structure 
over the ocean at any time of the day and 
identifying typhoons in this manner. 

There is evidence that the local thermal 
inhomogeneities that accompany tropical cy¬ 
clones seem well recognizable in the first atmo¬ 
spheric window of the Earth’s heat radiation 
at X = 3-5 pm. The hot spot so detected has 
a minimum size from 10 to 15 km. The second 
window, in the wavelength interval X = 
8-14 pm, is extremely effective in surveying 
cloudiness which is sharply contrasted against 
the background of land and ocean. Imaging 
in this range has a temperature resolution of 
1 to 3° for positive temperatures and a spatial 
resolution of one km. 

Thus, the now operational on-board instru¬ 
ments remotely observing the Earth’s surface 
in the infrared supply adequate image detail 
of cloud cover and ocean heat maps. These 
instruments recognize the contours of a cloud 
system over tropical cyclones during the day 
or night, and typhoons can be spotted in 
clear weather on the ocean heat map by the 
contrast they make with their environment. 

Radar equipment. Radars are capable of 
remotely sensing the Earth throughout the 
day or night independently of weather condi- 
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tions. Some basic radar designs—scatterometer, 
altimeter, and side-looking radar—were dis¬ 
cussed in Chapter 1. There too, each type was 
characterized in terms of advantages and pos¬ 
sible applications. The limitations of the 
satellite radar sensors grow out of the necessity 
to fly an extra-payload including a powerful 
source of electricity, wide-hand capability 
for data communication to Earth, and large 
antenna systems, and the complexity of pro¬ 
cessing acquired information. Because of these 
limitations the radar equipment has, current¬ 
ly, limited utility for tropical cyclone detec¬ 
tion. 

12.2. Operational Detection of Tropical Cyclones 
by the Ground-based Operator 

General diagram of information flow from 
satellite on-board instruments to the ground 
operator. Remote sensing of the Earth’s sur¬ 
face from space based on conventional methods 
dictates that the payload incorporate devices 
to record instrument readings. Once the satel¬ 
lite has entered the visibility zone of ground 
observation facilities, this information is 
transmitted to the Earth via the telemetry 
link by the on-board programmable timer 
controlling the operation of remote sounders 
and the operating modes of the on-board 
facilities transmitting data to the ground 
receiving stations. There, the arriving data 
are processed and analyzed by the data analyst 
in order to reveal the signs which are charac¬ 
teristic of the sought-for atmospheric anom- 
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alios. The information, before it can ho com¬ 
municated to the oarlh-bopml receivers, must 
he reformatted on hoard and reinstated in an 
easy-to-read format after being received by 
the ground stations. They first perform its 
reduction to make sure that the telemetry 
link is going well. Overall, the flowchart of 
recording, transmission, reduction and process¬ 
ing of telemetry data comprises its recording 
on magnetic tape, feeding from magnetic 
carriers to computers, reduction and verifica¬ 
tion, presentation in man-readable format, 
and analysis by the ground-based operator. 

Because of the prodigious flow from the 
satellite data, high-rate transmission links 
are an absolute necessity if data processing is 
to be done with minimum delay. 

The computer-based telemetry handling sys¬ 
tem incorporates an input subsystem to inter¬ 
face the computer and the tapes. The sub¬ 
system is typically built around a minicom¬ 
puter that has a flexible I/O capability. The 
mini [161 organizes the source data stream to 
adapt it to the host, routes control signals 
from the host to the source and, if necessary, 
passes scientific and housekeeping data in the 
opposite direction. It also supplies universal 
coordinated time reference signals to the 
host. 

Computer input data are pre-processed using 
special algorithms to restore the remote¬ 
sensing data format degraded in the downlink. 
Not until this has been accomplished can the 
data be converted to man-readable form that 
readily lends itself to operator analysis. 
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Processing oi satellite-derived data to user- 
oriented form. Processing of remote sensing 
data [19] to accomplish for conversion of 
incoming radio signals to video- and IR- 
images, time and terrain referencing of the 
atmospheric and ocean images and their sub¬ 
sequent interpretation and analysis is time- 
consuming. 

One generally adopted technique is neph- 
analysis of cloud cover that has been said to 
require special symbols for schematic repre¬ 
sentation of cloud cover on a map or a mosaic 
made up of IR-images. A nephelometric map 
helps identify cloud formation boundaries, 
cloud types and amount, typhoon centers and 
other relevant features. It is compiled by the 
weather analyst visually interpreting IR- 
images. 

Underlying surface data sensed in the in¬ 
frared are also handled by computer-aided 
data processing stations on the ground. They 
yield radiation temperature fields represented 
as digital maps with the Earth’s graticule. 
Digital data processing is delegated to general- 
purpose computers with appropriate software 
support; a dedicated processing and display 
facility then converts the computer output 
into video images. The facility’s software 
enables the user to process video data inter¬ 
actively, correct it as required, accomplish its 
geographical referencing and convertion to a 
desired projection and scale. The output data 
formats conducive to the search for tropical 
cyclones include maps of nephanalysis, digital 
maps of radiation temperature fields and the 
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base height of top clouds as well as video and 
infrared imagery. 

The dedicated facility should be adjusted to 
cope with large and frequently updated video 
inputs in close-to-real time and in a way well- 
adapted to the video data parameters and 
the algorithms used [16]. The processing speed 
is essentially controlled by the time taken to 
retrieve the required image frame from the 
tapes and by software efficiency. 

Video data can be accessed in a variety of 
ways. To reduce the access time, all spectral 
bands of an image are often, combined in the 
backing store into a feature known as the 
multispectral video file. The software should 
provide for sequential access to each video 
file item, random access using a key feature, 
and algorithm-controlled access to the file 
items. The system must also have a display 
capability and incorporate a VDU or a print¬ 
er. 

Processing time can be drastically cut back 
if the relevant software is adapted to exploit 
the inherent properties and characteristics 
of video data [16]. Thus, one-by-one search 
through numerically represented gray levels 
of each recognition element may often be 
abandoned in favor of more practical reliance 
on a goal-oriented algorithm to identify the 
required gray level. The approach sometimes 
reduces the time costs by as much as 90 per¬ 
cent. 

As an example we list below the procedures 
of a problem-oriented system used by the Space 
Research Institute of the USSR Academy of 
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Sciences to handle multispectral images [161. 
These are: 

—multispectral video file procedures; 

—generation of a work file using the desired 
fragment angle coordinates and spectral 
bands; 

—geographic referencing of an image and 
its conversion to a desired projection; 

—presentation of a given spectral channel 
on a display peripheral; 

—calculation of a gray-level histogram, an 
average gray-level vector or other image 
characteristics of interest; 

—generation of a linear combination of 
multispectral images; 

—representation of classification data in a 
desired projection. 

The user is free to invoke any or all of the 
above procedures to accomplish his goal. 

Multispectral image processing with mini¬ 
mum delay. Because spaceborne multispectral 
imaging sensors deliver a huge amount of the 
Earth’s surface data, the conventional com¬ 
puter techniques cannot satisfy the time 
constraints of operational tropical cyclone 
detection, taking too long to process each 
image of the target area. 

Data handling efficiency can be speeded up 
by using optoelectronics to analyze the spatial 
spectrum [14]. This method is most effective 
when applied to detect the incipient tropical 
cyclone of a moderate size close to the image 
resolution. The transparency of a multi¬ 
spectral image taken from orbit can accom¬ 
modate the radiance, spectral, and geometric 
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characteristics of ground features. When the 
transparency is illuminated, the image data 
modulate the amplitude and phase of the light 
wave. One can then derive the spatial dis¬ 
tribution of light intensity, or the H'lV/mr 
spectrum, to retrieve the spatial frequency 
spectrum and thereby explore sea and ocean 
surface. The end result of such structural 
analysis appears as the output of the opto¬ 
electronic image analyzer. 

The analyzer generally comprises a light 
source, a transparency in the form of a photo¬ 
plate or film, optics to focus the light beam 
to illuminate the transparency, an image con¬ 
verter, and a receiver. The receiver output 
is accepted either by a video display or a 
computer—the very features identifying tell¬ 
tale characteristics of the tropical yclone 
and enabling the multispeetra! image analyzer 
to investigate the sea roughness structure using 
radiation intensity. 

Coordinate image referencing. Coordinate 
referencing and transformation to a desired 
cartographic projection are important image 
processing activities enabling the analyst, to 
follow the behavior of the atmospheric and 
ocean parameters of interest and thereby to 
progress faster towards the detection of a 
tropical cyclone. As video images are often 
digitized prior to being transferred to magnetic 
media, there is much advantage attached to 
computerized image referencing and conver¬ 
sion to a given projection, not least by saving 
on the time costs. For example, with a magnetic 
tape unit employed as a direct access store it 
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takes only 10 minutes to transform a 500 X 
tOO pixel array; for a disc the time is cut back 
8urther to 4 minutes [16]. 

Operational data analysis. The prime objec¬ 
tive in undertaking the operational analysis of 
remote sensing instrument data is the evalua¬ 
tion of state of the ocean-atmosphere system. 
Besides appraising the remote-sensing data 
inputs, the analyst (habitually a meteorologist) 
monitors on-board and on-earth equipment 
performance, checks the data for rate and 
integrity and times the subsequent processing 
steps. 

Fast access to any desired data record is 
essential to success and speed of the operational 
analysis. It should be recalled that the ground- 
based weather analyst has to go through an 
enormous amount of satellite-derived data to 
detect a burgeoning tropical cyclone. The data 
typically reside in magnetic storage (tapes or 
discs). Even if customized software were to 
be used to print them out in the best and most 
compact man-readable form the analyst would 
have to go through an enormous pile of paper. 

The procedure is very tedious and much de¬ 
laying the analysis. Besides, a repeated refer¬ 
ence to the same record would require of the 
analyst yet another laborious search through 
the information of no further use to him. One 
way to expedite things at this stage is by 
use of a facility that locates a record using 
various keys (the time reference, the frame 
number in the session, etc.) and displays it 
on the VDU screen in an easy-to-read form 
or else prints it out. 

11—01334 
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Under one plausible flowchart of satellite- 
derived data analysis [16] the operator inter¬ 
acts with the computer from his keyboard; 
the system allows him to set the data format 
for the display, he can also decide on the 
time to keep the frame in the refresh store 
and the way to replace the display. The con¬ 
tents of the VDU screen can be moved by scrol¬ 
ling or page turning. Scrolling implies that 
the contents of the screen move up or down, 
a line at a time, so that each “image” differs 
from the previous one by two lines, the first 
and the last. This looks like a live overhead 
news bulletin where any two successive “im¬ 
ages” differ by two letters. With page turning 
the entire display changes to a new one. The 
operator is free to alter any time the data 
format and the presentation procedure, and 
it is lie who controls the analysis rate by 
setting the pace at which the frames are 
scanned. 


12.3. Recognition of Tropical Cyclones 
on-Board the Unmanned Satellites 

Unattended data processing and analysis on¬ 
board the satellite significantly slash the delay 
in detecting tropical cyclones. To this end, 
the satellite must carry one or several digital 
computers providing a sufficient data-process- 
ing capability for the recognition of target 
features and objects. The on-board computers, 
remote sensors and storage units make up a 
data acquisition system. The latter serves to 
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—switch the sensors on and oS as command¬ 
ed by the timer or by parameter settings; 
—poll the sensors at various rates; 

—calculate atmospheric and ocean para¬ 
meter characteristics; 

—check the sensors for error-free operation; 
—format the measurements as required; 
—load the data into a long-term storage; 
—average the measurements over a given 
period; 

—compare instantaneous parameter values 
with those averaged over some preceding 
period; 

—use the comparison results to generate a 
signal if a tropical cyclone has been 
detected; 

—send a command to the relevant on-board 
systems to locate the typhoon; 

—transfer to the downlink the data of 
interest to ground-based weather analysts; 
—pass the cyclone’s location data to the 
cyclone path predictor, attitude control 
system, descender deployment controller, 
etc. 

Software development for the spaceborne 
data-handling system must take into consider¬ 
ation the complexity of the hardware used as 
well as the memory, speed, and accuracy 
requirements. Each cyclone-detection algo¬ 
rithm is individualized, that is, tailored to 
the phenomenon to be observed and keyed 
down to its physics. Other application for the 
system comes in the analysis as performed by 
the ground-based operator. Indeed, the limited 
capacities of the downlinks and on-board data 
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storage do not allow the operator to poll the 
sensors frequently enough or analyze atmo¬ 
sphere parameters during tight schedules. One 
can get around the limitation if the satellite 
software can itself accomplish a large effort 
in scanning and analysis of physical para¬ 
meters of the ocean and atmosphere in order 
to recognize their changes pointing to a trop¬ 
ical cyclone such as pressure and temperature 
leaps in the near-surface layers or variations 
in wave height and wind speed. 

The on-board software must naturally be 
debugged and tested in conjunction with the 
hardware to make sure both perform up to 
standard. With this goal in mind the on¬ 
board facility is emulated by a ground-based 
general-purpose computer. The emulator en¬ 
ables the programmer to debug the satellite 
software, notably the data processing and 
tropical cyclone detection algorithms; verify 
its reliability, and eliminate errors using the 
language of the on-board computer. At the 
design stage the emulator and the relevant 
environmental models serve as a benchmark 
package to choose the best data-processing 
algorithm. Simulated data inputs are provided 
either by appropriate analytic atmosphere 
and ocean models or by models derived from 
the real-world telemetry acquired in previous 
missions [16]. The latter type model would 
typically describe nonstationary processes and 
the data-processing system’s responses to them 
provide essential inputs for the instrument 
package designers. 

Jointly simulated data-handling algorithms 
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and sensor outputs help evaluate the algo¬ 
rithm’s performance on the two-fold criterion 
of the algorithm response and the computation¬ 
al capabilities needed to support the process¬ 
ing function on-board the satellite. The latter 
are inferred from the speed and memory re¬ 
quirements. 

Simulation experiments have demonstrated 
that the designer has a variety of on-board 
computer system alternatives to choose from 
[16]. With a single on-board computer, data 
acquisition and processing are controlled cen¬ 
trally. Thus one can easily vary the polling 
rate, the effective instrument range or the 
sensors’ mode of operation. The centrally- 
controlled configuration simplifies data trans¬ 
fer to ground stations and communication 
with the ground-to-satellite link that trans¬ 
mits control commands. The configuration 
also improves hardware utilization efficiency. 
Unfortunately, this scheme involves stringent 
computer speed and memory requirements and 
moreover the supporting software is much too 
complex. 

Another possible scheme operates several 
equal-status computers, each being less power¬ 
ful in terms of speed and memory and with 
simpler hardware. Each computer serves one or 
several sensors, reducing the net time costs 
and power supply requirements. While focused 
on the Earth from orbit, the sensors do not 
need to operate concurrently, and at any 
given instant several of the computers will be 
off. One structural advantage of this configura¬ 
tion is that the array of scientific instruments 
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may bo wired fast to a computer. The problems 
of the system stem from its somewhat “extra¬ 
vagant” use of hardware resources and lack of 
centralized control of data processing. 

The best trade-off is to employ a hybrid 
system [161 with a host computer and several 
front-end processors. The host computer con¬ 
trols the front-end computers, polls them, 
and communicates with other spacecraft sys¬ 
tems. The front-end processors have the status 
of subscribers and are accessed as such while 
their functions are independent and their 
software need not meet any stringent speed 
requirements. The host is capable of simulta¬ 
neously processing data inputs from several 
sensors. 

In summary, a spaceborne data-handling 
system offers several advantages over an 
earthbound one as it drastically reduces pro¬ 
cessing time and helps detect a tropical cyclone 
much faster. It can do with an unsophisticated 
I/O interface as the sensor outputs are directly 
applied to the computers and passed on to 
other spacecraft systems. Finally, the system’s 
computer works on a smaller number of tasks, 
so making its software more manageable. 


12.4. Ocean and Atmosphere 
Observing Satellites 

Much consideration is being given to the 
design and development of low-orbiting satel¬ 
lites to monitor the ocean and atmosphere. 
These are Meteor (USSR), Tiros-N (USA), 
Topex (USA), MOS (Japan), and ERS (the 
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European Space Agency, ESA). Their 
specifications are given below. 

Meteor. Figure 10 presents the Meteor con¬ 
figuration [19). The payload comprises an 
instrument bay with sensors selected as re¬ 
quired [191. 



Fig. 10. The Meteor weather satellite: 

J —solar battery panels; 2—thermal control screen; 3 —solar 
panel orientation sensors; 4 —antennas; s —payload module 


A scanning telephotometer is used to derive 
the local cloud pattern during daylight hours. 
The sensor operates in the 0.5-0.7 pm band 
and images over a 2100-km wide swath with 
a resolution of 2 km. It transmits the images 
to ground on-line with no on-board recording. 

The global cloud pattern is mapped during 
daylight hours by a scanning sensor similar to 
a TV camera and operated in the same 0.5- 
0.7 pm band. The sensor scans in swaths 
2200 km wide with a resolution of 1 km, 
records the image obtained and relays it to 
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a ground station when the satellite enters the 
latter’s area of radiovisibility. 

Another on-board instrument with image¬ 
storing capability is a scanning infrared radio¬ 
meter. It detects and tracks cloud cover in the 
dark hemisphere and measures the radiation 
temperature of the underlying surface on a 
global scale. The sensor scans across a 2600- 
km swath. It has a resolution of 8 km and 
uses the 8-12 p,m band. 

The global atmospheric temperature measure¬ 
ment is done by a multichannel scanning 
infrared radiometer sensing at seven wave¬ 
lengths: 11.1, 13.33, 13.7, 14.24, 14.43, 15.02, 
and 18.7 (im. The radiometer scans in swaths 
1000 km wide with an angular resolution of 
2°. Meteor may also carry other instrumen¬ 
tation. For example, it can perform multispec- 
tral cloud and surface imaging using multi- 
spectral scanning sensors with a low resolution 
of about 1 km or a medium resolution of several 
hundred meters. A microwave radiometer that 
operates in the Ka- (0.8 cm), the K- (1.35 cm), 
and the S-band (8.50 cm) secures information 
about the atmospheric moisture content, pre¬ 
cipitation pattern and rain intensity. 

Tiros-N/NOAA. The US National Oceanic 
and Atmospheric Administration (NOAA) reg¬ 
ularly launches the NOAA series of weather 
satellites. Their orbit has an altitude of 830 
to 870 km. The first Tiros-N/NOAA satellite 
was placed on orbit in 1979 [35]. NOAA has 
replaced the Tiros series as the second gener¬ 
ation weather satellite series. Eleven space¬ 
craft of this series are to be built by 1990 [32]. 
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The first five Tiros-N/NOAA satellites belong 
to the Tiros-N series proper. The others fea¬ 
ture a modified design and incorporate addi¬ 
tional instruments; they are known as Advanced 



Fig. 11. NOAA spacecraft: 

l —solar array; 2—solar array drive motor; 3 —array drive 
electronics; 4, 19 —omnidirectional antennas; S —equipment 
support module; 6—thermal control pinwheel louvers; 7— 
Earth sensor assembly; 8 —high energy proton and alpha 
particle detector; 9 —medium energy proton and electron 
detector; JO—solar sensor detector; JJ—inertial measurement 
unit; 12 —instrument mounting platform sunshade; 13 —pay- 
load; 14-17— radiometers; 18-21 —antennas; 22—battery modu¬ 
les; 23-25 —reaction control system 


Tiros-N ( ATN) spacecraft. The principal man¬ 
ufacturer of the satellites, RCA Corporation, 
has developed several versions of Tiros-N 
differing in structural design and observing 
instrument suite. Figure 11 illustrates the 
Tiros-N configuration [32]. The satellite lift¬ 
off weight is 1418 kg and the in-orbit weight 
is 737 kg. In real NOAA launches the weight 
was somewhat different [38]. 

The spacecraft carries a 230-kg payload. The 
satellite, including an injection motor as- 
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sembly, is approximately 3.71 m in length 
and 1.88 m in diameter. The power system 
provides an average load capacity of 420 W 
in the worst-case operational environment. 

In sunlit portions of the orbit, power is 
supplied by an 11.6-m 2 solar array made up 



Fig. 12. Advanced NO A A series of spacecraft 


of eight panels of solar cells, 2.38 X 0.61 m 
each. During the satellite’s flight in orbit, 
the preset direction of the panel toward the 
Sun is maintained by a special drive. Two 
26.5 A-h Ni-Cd batteries supply spacecraft 
power during dark portions of the orbit. The 
ATN satellite (Fig. 12) is provided with a 
payload complement including a search and 
rescue system, Sarsat, complete with repeater 
and processing units. The spacecraft body 
thus had to be elongated by 0.5 m and the 
planned launch weight, plus the apogee motor, 
increased to 1693 kg. A NO A A satellite can 
operate in circular near-polar, sun-synchro¬ 
nous orbit at a nominal altitude of 850 km. 
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The Tiros-N instrument package can make 
measurements of ocean and atmospheric para¬ 
meters on a global scale and observe near-Sun 
space; it can also support search and rescue 
operations. Its data collection and location 
system services automated terrestrial and 
atmospheric scientific platforms; the facility 
receives data from the platforms, relays them 
to ground, and computes the location of a 
platform when necessary. One or two satellites 
are always in orbit to provide service. Let 
us elaborate a little on the key environmental 
instrumention carried by the Tiros-N/NOA A 
spacecraft [26]. It features primarily three 
different radiometer types. 

Known together as the Tiros operational 
vertical sounder, this three-instrument group 
consists of: 1) the High Resolution IR Sounder 
(HIRS/2): 2) the Stratospheric Sounding Unit 
(SSU); and 3) the Microwave Sounding Unit 
(MSU). 

The HIRS/2 is a 20-channel instrument that 
measures incident radiation in the IR spectrum 
between 0.69 and 15 p.m. Data from the 
HIRS/2 yield atmospheric temperature pro¬ 
files from the planetary surface to the top of 
the atmosphere (1 mb), water vapor content 
at three layers from the surface layer to the 
tropopause, and the total ozone content. The 
field-of-view of each channel is 1.2°. The 
scanning time is 0.1 s or less. The HIRS/2 
spatial resolution is 17.5 km and its temper¬ 
ature accuracy is approximately 1.5-2°. The 
channels have various maximum sensitivities 
that fall in the 240 to 340 K range. 
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The SSU operates in three channels. The 
primary objective of the instrument is to 
obtain the stratospheric (25-50 km) temper¬ 
ature profile. The unit lias a resolution of 
150 km. 

Since clouds interfere with HIRS/2 measure¬ 
ments, the MSU is used to produce atmo¬ 
spheric temperature profiles in a cloudy en¬ 
vironment. The MSU is a 4-channel Dicke 
radiometer with a resolution of 110 km. 

A new microwave sounding system is under 
development in the USA to replace the second 
and third type radiometers. Out of its twenty 
spectral channels fifteen will sense the atmo¬ 
sphere below cloud cover, even in stormy 
weather. The other five channels will measure 
the moisture content of the troposphere. The 
system is enhanced with respect to the SSU 
and MSU, because the spatial resolution at 
nadir for temperature will he 40 km, compared 
with the 110 km of the MSU. The instrument 
provides moisture content, sea ice extent and 
rain cloud pattern with a resolution of 15 km. 

High-resolution day and night cloud mapp¬ 
ing and sea surface temperature estimates are 
essential for rapid typhoon detection on a 
timely basis. The task is addressed by the 
Advanced Very High Resolution Radiometer 
(AVHRR), a 4-channel scanning radiometer 
sensitive in the visible and infrared window 
regions. Channel 1, 0.55-0.90 pm is allocated 
for daytime cloud mapping. Channel 2, 0.725- 
1.1 pm is reserved for surface water delinea¬ 
tion. Channel 3, 3.55-3.93 pm is used for sea 
surface temperature measurements and day 
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and night cloud mapping. The instrument is 
being upgraded. A fifth channel will be added 
on a future AVHRR and the operating wave¬ 
length bands will be: 0.58-0.68 pm for channel 1; 
0.82-0.87 pm, channel 2; 1.57-1.78 or 3.55- 
3.93 pm, channel 3; 10.3-11.3 pm, channel 4; 
and 11.5-12.5 pm for channel 5. Note that 
only one band of channel 3 will be used at 
a time: the first is expected to be used for 
imaging in daytime hours and the second in 
night-time hours. The resolution is 1.1 km 
at the satellite sub-point. The fifth channel is 
used to provide daytime cloud observations 
which will assist in distinguishing between 
snow and clouds. 

Other instruments may also be incorporated 
on a future Tiros-N mission. An example is 
a laser instrument to measure atmospheric 
winds, called Windsat. It will use a Doppler 
lidar to measure radiation from a laser beam 
shot toward the Earth from the Tiros-N 
platform and reflected back to the instrument 
by windborne tracers such as dust. Wind speed 
and direction will be determined by frequency 
changes in the reflected radiation; these were 
earlier said to be crucial parameters for ty¬ 
phoon detection. 

Topex, a series of oceanographic satellites 
which are designed to support an ocean- 
science program, the Ocean TopographyExperi- 
ment. Topex will yield both operational and 
research data. The operational data, to be 
available within 10 hours of acquisition, in¬ 
clude wave heights, current and wind para¬ 
meters, and the satellite height above the 
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Earth’s surface. For research purposes Topex 
will provide time-averaged data on ocean 
behavior and satellite attitude (21, 40], 

Topex will weigh around 1500 kg at lift-off. 
The orbit chosen for the satellite is 1300 km 
high, circular, and inclined at 65°. The satellite 
will cover the same parts of the globe once in 
10 days. The lirst Topex will be launched in 
1989 and from either a space shuttle or the 
Ariane launch vehicle. The instruments to be 
flown on Topex are: a radar altimeter, micro- 
wave radiometer, laser retroreflector array, 
Doppler beacon, and tracking system. The 
data-handling arrangement adopted is to re¬ 
cord observations on board and relay them to 
ground when convenient. The radar altimeter 
is expected to measure wave height with an 
accuracy of about 14 cm. The primary measure¬ 
ment frequency is Ku-band (13.6 GHz), the 
second auxiliary frequency is C-band (5.3 GHz). 
The microwave radiometer is used to check 
the altimeter measurements. The on-board 
laser retroreflector array makes an indepen¬ 
dent height measurement from a laser site to 
calibrate the radar altimeter. The Doppler 
beacon is a prime instrument for orbit deter¬ 
mination. 

ERS. In the late 1980s the European Space 
Agency plans to launch ERS-1 for the explora¬ 
tion of natural resources of the seas and oceans. 
ERS-1 observations will facilitate typhoon 
detection and tracking. Another mission objec¬ 
tive is to improve weather forecasting, to pro¬ 
mote safer ship-routing and offshore and coast¬ 
al project planning, and to design for oil 
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rigs, ports, etc. Figure 13 depicts the key 
features of ERS-1 {27]. The satellite will be 
placed on a circular sun-synchronous orbit 



Fig. 13. ERS-1 in-flight configuration: 

i—payload module; 2—service module; 3 —solar array; 4— 
precision range and range rating equipment; S —instrument 
data handling and transmission system antenna; 6 —laser 
retroreflector; 7 —microwave sounder; 8 —infrared along-track 
scanning radiometer; 9-11— antennas. 


at an altitude of 780 km. Its active lifetime 
is expected to be 2 to 3 years: the principal 
constraint is the limited amount of propellant 
for the thrusters that make orbit corrections 
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and provide attitude control. The life expec¬ 
tancy of the on-board data storage is approxi¬ 
mately the same. ERS-1 will weigh 2160 kg 
when launched from the Earth. This launch 
weight includes 900 kg of payload and 300 kg 
of the thruster propellant hydrazine —enough 
to permit the satellite to change orbit in order 
to observe specific parts of the World Ocean. 
Power supply is provided by a 2.2-kW solar 
array and four Ni-Cd batteries (96 A-h). 

We will now outline the core set of scientific 
instruments ERS-1 will carry. 

One core sensor is called the Active Micro- 
wave Instrumentation (AMI); it can operate 
as either a radar or a scatterometer using differ¬ 
ent antennas. Ocean imaging and wave spec¬ 
trum measurements rely on the Synthetic 
Aperture Radar (SAR). The SAR antenna is 
a 10-m 2 planar array (10, Fig. 13) that allows 
imaging over an 80-km swath that lies 250 km 
off the satellite ground track. 

The scatterometer employs three smaller 
planar antennas (11, Fig. 13) directed to 45°, 
90°, and 135° with respect to the flight direc¬ 
tion. The AMI operates in the C-band (5.3 GHz) 
and measures 

-sea-surface wind speed within the range 
4 to 24 m/s with an accuracy of ±2 m/s 
or better; 

-sea-surface wind direction with an accu¬ 
racy of 20° for any direction; 

—wave direction with an accuracy of 15° 
for any direction; 

—wavelength between 50 and 1000 m with 
an accuracy of 20 percent. 
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The AMI has a spatial resolution of 100 m 
or better for the entire image swath. 

The other basic sensor is a radar altimeter 
that operates in the Ku-band (13.7 GHz). It 
uses an antenna 1.2 m in diameter (9, Fig. 13). 
The altimeter derives the height above the 
sea surface with an accuracy of 2 m or better. 
Wave height measurements yield an accuracy 
of about 0.5 m for the wave heights that fall 
in the range 1 to 20 m. 

ERS-1 also carries an Infrared Along-Traek 
Scanning Radiometer and Microwave Sounder. 
The instrument measures sea-surface temper¬ 
ature with an accuracy of ±0.5° within a 
50-km swath. It also estimates the atmospheric 
water vapor content with an accuracy of 
10 percent within a circle 25 km in diameter, 
i.e. within the spot scanned by the microwave 
sounder. 

MOS-1 (Japan) is used for studying natural 
resources of the oceans and seas. It is currently 
planned for an active operational life of two 
years. The total spacecraft weight is expected 
to be about 750 kg. The planned orbit for 
MOS-1 is sun-synchronous with a height of 
910 km and an inclination of 99.1° [23]. The 
satellite will repeat the ground track every 
17 days. Figure 14 shows the MOS-1 con¬ 
figuration. The payload comprises three radio¬ 
meters with multispectral, microwave and 
conventional sensing capabilities. 

The Multispectral Electronic Self-Scanning 
Radiometer (MESSR) scans in swaths 100 km 
wide, using four wavelength bands between 
0.51 and 1.1 pm. Based on MESSR measure- 


12-01334 



178 


Ch. 3. Detection of Tropical Cyclones 


ments, a sea surface color can be worked out. 
Changes in this color may indicate pollution 
or plankton-rich regions suitable for fishing. 
The MESSR has a resolution of 50 km. 



Fig. 14. MOS-1 spacecraft 


The Microwave Scanning Radiometer is 
used to measure water vapor content of the 
atmosphere. The instrument consists of two 
Dicke type radiometers making a conical 
scan across a 320 km swath beneath the space¬ 
craft. The first radiometer operates in the 
K-band (23.8 GHz) and has a resolution of 
31 km; the second, with a resolution of 21 km, 
operates in the Ka-band (31.4 GHz) [23], 
Sea surface temperatures will be measured 
by the Visible and Thermal Infrared Radio¬ 
meter. It can scan across a rather wide swath 
of about 1500 km with a resolution of 2.7 km 
using visible and infrared wavelength bands 
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(0.5-0.7 [xm along with 6-7 p,m and 10.5- 
12.5 pm). 

Let us note that the instrumentation is 
being enhanced. For example an upgrading 
of the VTIR is expected to improve its resolu¬ 
tion to 1 km. Besides, new sensors to carry 
on MOS-1 are under development [23]. One 
of them is a radar altimeter that measures 
wave height with an accuracy of 10 cm; another 
instrument is a scatterometer that yields wind 
speed with an accuracy of 2 m/s and wind 
direction accurate to within 20°. 


Sec. 13. Operational Detection of 
Tropical Cyclones from High Orbits 

Sensing the Earth from satellites in high 
orbits provides sufficient imaging coverage in 
the visible for almost the entire sunlit hemi¬ 
sphere and in the infrared and radio infrared 
for the whole visible hemisphere. But, once 
the satellite is injected into a stationary orbit 
and begins imaging from 36 000 km, a visible 
arc of the hemisphere in one image is 160° [5]. 
However at the edges of the arc the effect of 
perspective and the atmospheric density inter¬ 
fere with image interpretation, thus imposing 
on useful imagery a penalty of 10 to 20° to 
either side of its field-of-view. 

One other current method of full global 
coverage employs composition of the TV 
images derived from weather satellites in 
low-circular orbits. The composition procedure 
is computerized to permit automatic conver- 


12» 



180 


Ch. 3. Detection of Tropical Cyclones 


sion, composition, and coordination of the 
images. However local TV image mosaics have 
several disadvantages compared with the single 
Earth hemisphere image. 

The key advantages of the space imagery 
returned from high orbits are 15]: 

—large area coverage in one image, faster 
data acquisition and conversion, and 
capability to obtain synchronous images 
of two far-flung areas on Earth; 

—rapid image transmission to ground-based 
facilities without prior on-board storage 
and the absence of distortions associated 
with composing local images such as 
excessive mosaic patterns, photometric 
and geometric incompatibility, etc.; 

—capacity for repetitive imaging at short 
time intervals (every 20 to 30 minutes). 

A- drawback of the high-orbit Earth imagery 
is its distortion because the spherical surface 
projection is much too inaccurate, hemispheric 
solar illumination nonuniform and atmospheric 
optical depth different at extreme points in 
the image [16]. 

The global imagery taken from the 36 000- 
km orbit has an effective resolution around 
10 km, against the one-km resolution of regional 
images. 

Four geosynchronous satellites orbiting at 
an altitude of 36 000 km are sufficient for 
global coverage to incorporate any region on 
the Earth. They can yield on-line information 
on the state of the Earth’s surface and clouds 
at any time of the day and in any area around 
the world; the only poorly observable regions 
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are those farthest-removed from the orbital 
inclination. 

The geostationary satellites of proven use¬ 
fulness to monitoring for the origin and 
development of tropical cyclones have been, 
to date, the GOES series, USA; Meteosat, 
ESA; and Himawari, Japan. A brief description 
of each satellite system follows. 

GOES. A system of two satellites in geo¬ 
stationary orbit is focused on weather in the 
US territory and those of the neighboring 
countries and adjacent ocean regions. From 
its “station” at 75° West longitude the first 
of these, known as GOES-East, encompasses 
in its field-of-view the eastern United States 
and nearby Atlantic Coast. The second satel¬ 
lite, GOES-West , stationed at 145° West longi¬ 
tude, looks down on the western United States 
and adjoining areas in the Pacific Ocean. But 
because the hurricane season on the East 
Coast is out of phase with the typhoon season 
on the Pacific Coast full coverage can some¬ 
times be achieved with one of the satellites 
mo\ 5 dd from one station to another on a timely 
basis. 

By 1985 there had been six orbiting GOES 
satellites, with two other systems in the devel¬ 
opment stage and five more about to be ordered 
by the US National Oceanic and Atmospheric 
Administration [30]. 

The general GOES configuration, as shown 
in Fig. 15 [22], comprises the following prin¬ 
cipal features and systems: high gain antenna 
1, omni antennas 2 and 3, radiometer 4, heat 
shell 5, magnetometer bus 6, attitude contro 1 
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thrusters 7 and 8, Earth-pointed sensors 9 
to locate imagery with respect to the Earth, 
solar sensors 10, 11, and 12\ solar arrays 13, 
high-energy particles detector 14 and X-ray 
detector 15. 

Upon insertion into stationary orbit, GOES 
weighs 400 kg with a height of 3.7 meters 
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Fig. 15. GOES satellite 

and a diameter of 2.1 meters. Moving on the 
orbit, the satellite spin-stabilizes itself at 
an angular speed of 100 rpm. The power supply 
system feeding from the solar arrays should 
maintain a minimum of 320 W. 

Radiometer 4, the key feature of the GOES 
satellite, has one visible and twelve infrared 
channels which, together, provide essential 
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coverage of the vertical atmospheric profile 
with respect to temperature and water vapor 
content at specific altitudes. The information 
can give important insights into typhoons 
with their characteristic vertical cloud struc¬ 
ture. The radiometer offers imagery at 30-mi¬ 
nute intervals and with a 30-km resolution as 
it sounds the vertical profile of moisture and 
temperature over cloud-free surfaces and a re¬ 
solution of 60 to 90 km over cloud-covered 
regions. The resolution is much improved for 
Earth surface soundings to 0.9 km in the visi¬ 
ble and 6.9 km in the infrared at night. 

In ocean-observing applications, the GOES 
imagery comes in on special displays at ground 
data acquisition and processing stations. When 
forecasters spot down a region in the ocean 
with signs of possible typhoon events they 
command the satellite to take focused tempe¬ 
rature and water soundings in the area and 
utilize them to more accurately forecast weath¬ 
er and the progress of typhoons. 

The forward-looking GOES models will, as 
do the now operational satellites, perform 
cloud imaging and take temperature and 
moisture soundings in the vertical atmospheric 
profile. Several alternative designs are now 
under review for implementing these goals [30]. 
The first involves two radiometers 4 mounted 
on a spin-stabilized satellite platform. The 
second, also spin-stabilized design, is expect¬ 
ed to carry one radiometer 4 and one special- 
purpose instrument capability to measure 
temperature in areas on the Earth’s surface; 
this feature will be installed on a platform 
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fitted with a spin-off system. The third, and 
last GOES alternative will be a three-axis sta¬ 
bilized one, with one radiometer 4 being in¬ 
stalled. 

Whatever design is picked up, it is bound to 
be furnished with two transceivers instead of 
the previous one to make possible continuous 
transmission of instrument readings concur¬ 
rent with relaying meteorological information 
that will include synoptic charts. 

Meteosat. A number of West European sta¬ 
tes collaborated on the Meteosat project— 
Belgium, Great Britain, Denmark, Italy, 
France, West Germany, Switzerland, and 
Sweden. 

The 700-kg satellite [33, 34, 36] features 
a three-channel radiometer capable of yield¬ 
ing images of clouds and underlying surface 
every 25 minutes. The first channel senses 
in the visible, the second in the near-infrared 
and the third in the infrared—the region con¬ 
sistent with the absorption band of water 
vapors. Meteosat is placed onto a stationary 
orbit, the station being right above the Green¬ 
wich meridian to enable coverage of Europe, 
the Middle East, and Africa. The imagery 
will be transmitted to a ground monitoring 
station in West Germany to be processed at 
the Meteosat command and control center. 
After that the information is to be relayed via 
the same Meteosat satellite to many countries. 
So far the operating experience with Meteosat 
has been rewarding in that its information has 
in fact lessened errors in weather forecasting. 
For the European countries involved in the 
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Meteosat project this forecast accuracy gain 
over the satellite’s operational life from 1978 
through 1984 had been 4 percent for very short¬ 
term weather forecasts (less than 12 hours), 
7 percent for short-term forecasts (12 hours to 
four days), and 7 percent for medium-range 
forecasts (four to ten days). For the African 
countries the percent improvements of forecast 
accuracy were 11, 14 and 16 for the very 
short-term, short- and medium-term forecasts, 
respectively. 

Himawari. The satellite, weighing 300 kg, 
is injected into its station over 140° East 
longitude [33]. It is fitted to transmit to the 
Earth images of cloud cover every 30 minutes 
and relay the meteorological information col¬ 
lected from the ships and aircraft to the data 
acquisition center. Its principal capability, 
a radiometer, takes soundings in the visible, 
0.5-0.75 pm, and infrared, 10.5-12.5 pm, 
bands; their respective resolutions are 1.25 
and 5 km. 



Chapter 4 

Scientific Instrument 
Deployment from Orbit into 
Tropical Cyclone 


Sec. 14. General Scheme of Descent 

A thorough investigation into the physics of 
mass-energy exchange between the atmosphere 
and ocean is the main purpose to be served by 
placing scientific instrumentation on-board 
the satellite into the effective range of a tro¬ 
pical cyclone in the hope to better understand 
the mechanisms of its origin and development 
during the life-cycle and to more accurately 
locate the cyclone center. 

Atmospheric and ocean parameters are me¬ 
asured by instruments inside the buoys floating 
on the ocean surface or submerged to some 
depth and the gondolas of the balloons wind 
drifting at specified heights. For an effective 
study of tropical cyclones it should be practi¬ 
cal to have a maximum possible range of 
balloon drift heights (1-2 km to 15-20 km) and 
a sufficient depth of buoy measurements (to 
500 m below sea surface) of ocean parameters. 
Balloons and buoys can be rapidly deployed 
by a probe jettisoned from orbit to any desired 
location around the world. 
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Figure 16 illustrates a general flow of balloon 
and buoy deployment from orbit. Conceptual¬ 



ly it is assumed that the multiprobe orbital 
vehicle carries three descenders, each with 
three balloons and one buoy. 
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The central part of a tropical cyclone, 
i.e. the region in and around the “eye” of the 
storm, provides the most attractive target 
for exploration, being the very portion in the 
typhoon or hurricane to which the measure¬ 
ment instrumentation should be delivered. 
But because this area is relatively small—a few 
tens of kilometers across—it is by no means 
an easy task to target it from an orbit a few 
hundred kilometers up and away from the 
cyclone. That is why a thorough-going prepa¬ 
ration is needed prior to the launch episode. 

Descender deorbiting and progress through 
the dense atmosphere are simulated on ground- 
based computers. The quest for required para¬ 
meters proceeds by dedicated algorithms em¬ 
ploying models of atmospheric probe descent 
and tropical cyclone motion over the Earth’s 
surface. These parameters pertain to the 
instant the probe comes off the orbit, or its 
deorbiting point; the operational time required 
by the on-board motor to release the descen¬ 
der; the thrust and its direction. The more 
closely the calculated parameters are main¬ 
tained, the higher will be the accuracy of de¬ 
ploying the balloons and buoys to the tropical 
cyclone center. 

Upon establishing the deorbiting parame¬ 
ters they are coded and transmitted via the 
command link to the satellite which, generally 
speaking, may carry more than one descender. 
Shortly before the thrust braking, the descen¬ 
der and its systems begin to be prepared for 
deorbiting. First, the orbital module with 
its descent probes needs to be properly orien- 
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ted using the thrusters of the attitude control 
subsystem run by the on-board orbit control 
system. The probe separation system and its 
programmable timer are actuated by a com¬ 
mand from the mission control, whereafter 
the timer takes over control of all further 
preparation, deorbiting and atmospheric des¬ 
cent. Special devices perform separation of the 
descender from the orbital module, following 
which it is oriented in space as described 
earlier. The probe, its brake engine on, deor¬ 
bits and makes a speedy, 8-9 km/s, entry into 
the atmosphere, assuming its upper boundary 
of 80 to 100 km. During the atmospheric 
descent the air drag to which the probe is 
exposed damps much of its entry velocity. 

Although after the main airbraking stage 
the probe descent velocity is kept down to 
100-200 m/s, it still remains too high for the 
descender to release safely into surroundings 
the balloons it carries. Further speed dampen¬ 
ing is achieved with a parachute system: 
by command from the programmable timer the 
hatch of the parachute bay is blast-off and 
a small parachute is deployed, drawing away 
the thermal protection shell and the frontal 
screen of the descender; both the shell and the 
screen shield the descender against the impact 
of intense heat flows developing along the 
strong airbraking segment but are dropped when 
the heat protection is no longer needed. Then 
the main parachute is pulled out, inflated, and 
deployed. The vehicle’s rate of descent slows to 
several meters per second—a low enough 
speed for the safe release of the balloons which 
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come into operation one after another at 
specific heights. This is achieved with another 



Fig. 17. Balloon deployment flow 


system of parachutes performing each of its 
assigned functions (Fig. 17). One of them is 
used to control the attitude of the balloon con- 
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tainer and partially damp its velocity, to be 
jettisoned from the system after that. Another 
parachute attains the main speed reduction 
to acceptable levels (5 to 10 m/s) for the release 
and inflation of the balloons. 

The balloon begins to function as the con¬ 
tainer is separated from the parachute-carried 
probe. The container bottom (ballast) is drop¬ 
ped pulling out the balloon envelope and gon¬ 
dola. Then the programmable timer sends 
a command to open the blast valve and 
inflate the balloon envelope with lifting gas 
from a specially designed gas-balloon system. 
When the balloon envelope has been inflated 
the supply pipeline in its top portion is 
pressurized and the parachute separated from 
the balloon, integral with the inflation system. 

To draw the parachute with the inflation 
system away from the balloon requires the 
use of the container bottom, ballast, which is 
jettisoned only upon reaching a necessary gap 
between their respective heights. And even 
though the horizontal wind may change very 
slowly with height this will make sure that 
the parachute is pulled away from the balloon 
far enough to prevent their collision. Only 
then is the ballast released by a command from 
the threshold sensor. 

Once the ballast has been jettisoned the 
balloon is braked by the combined action of 
the drag and aerostatic forces. It reaches the 
point of maximum sinking at which its des¬ 
cent velocity becomes zero, and then begins 
ascending to the equilibrium height for which 
the condition implied by Archimedes’ prin- 
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p a -F = m g + M 

where p tt is the atmosphere density at the 
equilibrium height; V is the balloon volume; 
M is the net mass of the balloon and its pay- 
load; m g is the gas mass. 

The excess pressure of the gas relative to 
ambient at the equilibrium height can be 
found from the ideal gas equation of state 

m* 

(p + Ap)XF = -i/?r g 


where p is ambient pressure; A p is excess 
pressure; R is the universal gas constant; 
p.g is the molecular weight of the gas; T g is 
the absolute temperature of the gas. 

At the equilibrium height the balloon strikes 
a heat equilibrium with the environment 
and is drifting with the air flows relative to 
the Earth. 

The descender minus the first balloon con¬ 
tinues its downward motion on the main 
parachute deploying at specified heights the 
remaining balloons. All that is left beneath 
the main parachute is the buoy with the weath¬ 
er instrument unit about to be landed on 
the ocean surface. 

This general flowchart of descent into the 
eye of the typhoon leaves us with some essen¬ 
tial details we have not touched-upon yet but 
will move on to discuss now. 
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Sec. 15. Satellite Orbit Selection 

The question of how to select orbital para¬ 
meters so as to maximize the usefulness of 
remote sensing instruments for observing tro¬ 
pical cyclones was considered in Chapter 3. As 
we have seen, the orbit choice made by the 
flight planner is dictated by characteristics of 
the launch vehicle; the payload to be 
launched; constraints attributed to performance 
characteristics of the on-board orientation 
and control systems; the satellite’s required 
operational life; radiovisibility from the meas¬ 
uring and tracking stations on the USSR 
territory; the situation for surveying the birth 
and migration of a tropical cyclone in a given 
ocean region; and the physical setting for 
satellite data transmission to ground-based 
stations. The conditions pertaining to delivery 
of balloons and buoys into the effective area of 
a tropical cyclone have been left out though 
they can noticeably affect deployment. 

The discussion that follows will deal with 
ways to select two key parameters of a circular 
satellite orbit, height h and inclination i. 
The requirement to minimize the distance be¬ 
tween earth surface projections of two succes¬ 
sive orbits so as to heighten the success rate in 
taking the balloons or buoys into the tro¬ 
pical cyclone can be used as the criterion of 
optimality. 

Orbit-to-orbit distance A l measured at the 
equator as a function of orbital inclination i 
for several circular orbit heights, h e , is given in 
Fig'. 18. Obviously the orbit-to-orbit dis- 
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tance A l decreases with lower h c . Thus, the 
change of altitude from 650 to 450 km reduces 
the A l value from 24.8 to 23.75° for the orbits 
with i = 51°. Going to higher orbital incli¬ 
nations produces the same effect. With i 
magnified from 40° to 80°, the orbit-to-orbit 
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Fig. 18. Orbit-to-orbit distance A/ measured at the 
equator as a function of orbital inclination i 


distance diminishes from 24.1 to 23.85° for 
h e = 500 km. Thus the satellite injection 
into a circular orbit with the least possible 
height h c and largest inclination i seems prac¬ 
tical from the standpoint of more accurate 
descender touch-down in the effective range of 
the tropical cyclone. The daily satellite track 
deviation at the equator should be minimized 
to provide good conditions for descender land¬ 
ing in a tropical cyclone and for its subse¬ 
quent radio communication with the parent 
orbital module. As suggested by the relation¬ 
ships in Fig. 19, the diurnal shift Ais also 
affected by circular orbit height h 0 and incli- 
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nation t, the height being far more influential 
on A/ d than the inclination. Indeed the varia 
tion of i over a fairly wide range change* \l 4 
but slightly whereas any variation of h 
however small, would considerably alter the 
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Fig. 19. Diurnal equatorial shift Al d of satellite 
swaths (diurnal shift of the orbital node) as a func¬ 
tion of orbital inclination. Positive At identifies 
westward shift, negative AI identifies eastward shift 

diurnal shift of the orbit. For instance, with 
inclination i varied from 51 to 90°, Af d falls 
from 3.8 to 0° (for an orbit whose h e is 550 km) 
but is reduced from 12 to 3.8° when h e is modi¬ 
fied from 650 to 550 km. 

In the above example the selection of 
orbital parameters was only directed to the 
accuracy of deployment into tropical cyclone 
leaving aside energy considerations, mainly 
the fuel-costly braking requirements (or the 
corresponding braking pulse values) for deor- 
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biting. These considerations, nevertheless, so¬ 
metimes fundamentally determine the orbit 
choices between low-circular and highly ellip¬ 
tical. 

Sec. 16. Extra-atmospheric Approach 

The probe’s descent trajectory may be tenta¬ 
tively divided into two portions, extra-atmo¬ 
spheric and atmospheric, differing by the 
nature of forces acting upon the probe. Gravity 
is the main influence during the extra-atmo¬ 
spheric descent approach. 

The required descent trajectory is chosen by 
carefully adjusting the magnitude and direc¬ 
tion of the thrust and the time of brake engine 
operation. Usually, design calculations as¬ 
sume an instantaneous thrust but neglect the 
duration of the jet braking portion of the 
trajectory, and hence the term braking pulse. 

For the orbital probe complete with balloons 
and buoys to make an assured and accurate 
descent in the effective range of a tropical 
cyclone, demands compliance with the neces¬ 
sary conditions of the probe’s entry into the 
dense atmosphere (Fig. 20). To be assumed as 
the latter’s boundary is the maximum altitude 
above the Earth’s surface at which the aerody¬ 
namic braking force applied to the descender 
becomes several percent of the Earth gravity. 
The generally accepted 100-120-km boundary 
is often referred to as “conventional” in the 
sense that no consideration of the aerodynamic 
forces above that boundary is incorporated 
into the design calculations. 
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The conditions required for the probe’s 
atmospheric entry at the altitude of its con¬ 
ventional boundary are: velocity v 0 , angle of 
trajectory slope with respect to local horizon 0 O 

Local 



Fig. 20. Scheme of the probe’s descent trajectory 


(descent angle), radius vector from the Earth’s 
center r 0 , and argument of latitude co 0 . Where 
these are familiar they define in effect the 
parameters of the transfer ellipse down the 
extra-atmospheric approach and the orienta¬ 
tion of its line of apsides. Knowing the satellite 
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orbit parameters {pericenter and apocenter 
radii, r a and r a , respectively, and pericenter 
latitude co,,), the orbital point of intersection 
with the transfer ellipse determines engine 
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Fig. 21. Variation of the minimum deorbiting im¬ 
pulse AF ml0 versus angular range qww 

ignition instant x lgn , braking pulse AF and 
the latter’s direction \ relative to the orbital 
velocity vector, descent time t desc and length. 
The formulas to obtain these values are given 
by the equations of elliptical motion [8, 91 
in the central field of gravity. 

Below the extra-atmospheric descent seg¬ 
ments will be analyzed for: a low-circular orbit 
with h c = 450 to 650 km and a highly ellip¬ 
tical orbit with perigee at h n == 200 km and 
apogee at h c = 200 000 km. 

Descent from a low-circular orbit. Figure 21 
illustrates variation of the minimum deorbit¬ 
ing impulse, AF mln , with the descender angu- 
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lar range, 9, for different circular orbit altitu¬ 
des. The angle 9 is measured from the instant 
of engine ignition f lgn to h = 50 km. (The prob¬ 
lem was solved for the thrust impulse with no 
regard to the atmospheric effects.) It will be 
seen that the circular orbits with a higher alti¬ 
tude over the Earth’s surface require greater 
impulses and therefore heavier fuel consump¬ 
tion to damp the descent velocity. This is 
aslo true of the descent into a tropical cyclone 
along trajectories with a short angular range cp 
which demands high energy costs for braking. 
For the “short” descent trajectories (9 = 90°) 
the impulse value AF m i n should be 210 m/s 
for the orbits whose h c = 450 km and 270 m/s 
for h c — 650 km; for the “long” trajectories 
(9 = 180°), AF mln = 120 m/s (h e = 450 km) 
and AF mln = 180 m/s (h c = 650 km). 

Figure 22 gives the 9-dependence of the 
thrust-vector orientation angle X op t for an 
orbit with h c — 500 km. As is evident, the op¬ 
timal value of X opt corresponding to the least 
value of AF mln for each 9 decreases with the 
increasing range. 

Also shown in Fig. 22 are the 9-dependences 
of the initial entry velocity F 0 and the trajec¬ 
tory slope angle to local horizon, or descent 
angle 0 O . They were evaluated for each 9 by 
use of normalized equations and found to 
match optimal AF mln and k 0 pt* As seen, the 
initial entry velocity for the “short” descent 
trajectories, F„ = 7880 m/s, and the initial 
descent apgle, 0 O = —3.1° (the atmospheric 
entry angle). Larger angular ranges produce 
a higher F n and a lower 0 0 . Thus an increase of 
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cp to 180° increases the entry velocity F 0 to 
7950 m/s but makes the entry angle 0 O more 
shallow at —1.2°. 

Descent from highly elliptical orbits. We 

shall now consider the extra-atmospheric seg¬ 
ment of the vehicle’s descent trajectory from 

t/» 


E 



Fig. 22. Minimum deorbiting impulse AF mln and its 
respective thrust vector ^opt* initial entry velocity 
V g and angle 0 O as a function of the angular range q> 
(h c = 500 km, q> corresponds to h = 50 km) 

a highly elliptical orbit. The sought-for value 
is the minimum deorbiting impulse AF m j n 
required to pass from the initial highly ellip¬ 
tical orbit to the transfer orbit with a con¬ 
ventional perigee altitude h„ — 0. The trans¬ 
fer orbit supports atmospheric entry and 
touch-down on ocean surface in a specified 
area. The period of the transfer orbit T t is 
always assumed below that of the initial 
orbit T,. The values of AF mln and jT t versus the 
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true anomaly ft are presented in Fig. 23. As 
would be expected, an increasing true anomaly 
results in a much smaller AF m i n and a greater 
ft for the transfer orbit: when ft = 0, AF m)n = 
3.18 km/s and T x « 1.5 h; when ft = 50°, 
AF mln -- 0.68 km/s and T t » 12 h; when 
ft = 100°, AF mln = 0.18 km/s and T x = 38 h. 



Fig. 23. Minimum required impulse AF m i n and trans¬ 
fer orbit period T x as a function of the true anoma¬ 
ly ft (for the initial orbit T\ — 98.5 h, h„ = 200 km, 
hq = 200 000 km, and for the transfer orbit h„ = 0). 
The dashed line corresponds to violation of the condi¬ 
tion T, > T t 

Thus, to summarize, the analysis of the 
extra-atmospheric approach yields the impulse 
value for probe departure from both the low- 
circular and highly elliptical orbits. Since the 
fuel requirements for braking the descender 
are controlled by the deorbiting impulse, 
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a simple comparison among the AT mln values 
helps to pinpoint the best orbit as that which 
minimizes the fuel costs. As suggested by the 
above analysis, to hit a tropical cyclone both 
the impulse and the amount of fuel required 
to take the descender off a circular orbit far 
exceed those for the comedown from a highly 
elliptical orbit. 

Sec. 17. Atmospheric Descent 

Probe descent through the atmosphere needs 
a thorough-going examination as it is critical 
to a success in delivering the instrument pac¬ 
kage into the detected tropical cyclone. 

Descent in the dense atmosphere is indeed 
crucial since all along it keeps the probe ex¬ 
posed to powerful physical impacts. The major 
difficulty is therefore one of having to damp 
practically all the potential and kinetic ener¬ 
gy of the probe as it descends. The energy is 
enormous; it suffices to say that the specific 
energy per kilogram of descender mass is 
measured in tens of millions of joules. During 
the probe’s descent the air drag impedes its 
progress through the dense atmosphere. As the 
probe velocity is abated, both the vehicle and 
its surroundings are heated in the process be¬ 
cause the mechanical energy converts into ther¬ 
mal energy to be dissipated in the probe’s 
atmospheric milieu. The descender structure, 
as it glides down through the atmosphere, 
must be able to tolerate high g-loads. 

Descender protection from heat loads. Part 
of the heat energy picked up by the descender 
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cruising through the atmosphere dissipates 
via surface emission and ablation of its heat- 
protective coating material. The residual 
energy is absorbed by the heat shield and struc¬ 
ture of the probe. The latter’s heating rate 
depends on the initial entry velocity, aerody¬ 
namic configuration and duration of the at¬ 
mospheric flight. The higher the entry velocity 
and the longer the atmospheric descent, the 
greater reliability of the heat-protection sys¬ 
tem is required. 

The thermal impacts on the probe's basic 
structural elements are so great that there is 
a risk of probe body destruction because the 
high temperatures lower the strength of the 
structural materials. The payload normally 
has limitations with respect to maximum envi¬ 
ronmental temperature and duration of expo¬ 
sure to it, which introduces stringent require¬ 
ments for an adequately low thermal conduc¬ 
tivity of the probe structure. 

The most influential parameters in this 
respect are flight velocity (heat generation 
grows as the square of the velocity), total or 
“exposed” area of the probe surface, and its 
roughness. Heating is greatest at maximum 
curvatures, forcing the edges and other expo¬ 
sed surfaces to be smoothed or blunted. Other, 
less significant factors of shell heating will 
not be discussed here. 

The entry velocity of a probe is largely deter¬ 
mined by the type of orbit it comes off. In 
the low-circular-orbit descent the entry velo¬ 
city is the lowest (about 7.8-8 km/s), the effec¬ 
tive heat flows are moderate and the mass of 



204 Ch. 4. Instrument Deployment in Cyclone 

required heat-protective coating represents 
a low 5-10 percent of the total probe mass. 
For highly elliptical orbits the entry velocity 
is up, at 9-9.5 km/s, introducing the need for 
a more rugged heat-protective shell, its mass 
increases to 15-20 percent. 

The thermal shielding of a probe is typically 
provided by an advanced heat-protection sys¬ 
tem and improved aerodynamic shape of the 
descender. 

Heat-protection systems vary by struc¬ 
tural design and heat-protective material. In 
design terms, they fall into ablative and 
reradiative. The ablative heat protection con¬ 
cept implies that the greater part of the heat 
flux arriving at the surface spends itself to 
change the physical state of melted material 
while the remainder finds its way into the 
probe interior. In the vehicles with the rera¬ 
diative system the heat is partly reradiated 
by the surface and the rest is absorbed. The 
reradiative system features a radiation screen, 
an insulation blanket, and an internal cool¬ 
ing unit. 

Together, the two systems can use a variety 
of heat-protective materials, the key distinc¬ 
tion being into metals and nonmetals. The 
nonmetals capable of intensive energy absorp¬ 
tion by sublimation generally come for use in 
the ablative systems. Highly carbonaceous 
charring ablators perform equally well there. 
Other options include phenolic nylon, teflon, 
refrasil and phenolic fiberglass [8]. 

Another group of nonmetals can be employ¬ 
ed in heat-protection systems with no loss of 
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mass. Where this is the case, the outer ther¬ 
mal insulation layer of fiber or ceramic mate¬ 
rial covers the structural metal skin to mini¬ 
mize the temperature of the descender body. 
For the nonablative systems (without the loss 
of mass) to perform better, their nonmetal 
materials should have high melting tempera¬ 
tures, high mechanical strength, resistance to 
oxidation, low thermal conductivity, high 
heat capacity, and low density. 

To select the material for the outer insula¬ 
tion layer of the nonmetal heat-protection 
system that would best satisfy all the require¬ 
ments defined above is something of a prob¬ 
lem. One frequent choice is a multilayer in¬ 
sulation with each layer made of different 
material to tailor it to some specific need. 
Thus the outermost layer should be able to 
withstand high thermal and mechanical loads 
which become progressively lower for the 
subsequent (over) layers. The pattern of tem¬ 
perature distribution within the thermal insu¬ 
lation is the key to optimal selection of the 
best available materials for the inner layers. 
In effect, each temperature variation range 
has an optimal material suited to it. 

In terms of weight as well as cost-effective¬ 
ness and simple design, ceramics offer the great¬ 
est potential for the nonmetal heat-protec¬ 
tion systems with no loss of material: they 
are chemically inert at high temperatures, 
with low thermal conductivity and small 
volumetric weight., 

In the heat-protection systems employing 
metal outer shields the choice of metal is also 
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dictated by the mechanical and heat loads to 
which the probes are likely to be exposed. One 
indispensable condition requires that the probe 
structure maintain its mechanical strength 
while also keeping within the limitations of 
the temperature range allowed for the descent 
stage. There are good prospects here for nio¬ 
bium, cobalt, nickel, and titanium alloys. 

Aerodynamic configuration of descenders. 
Aerodynamic configurations are generally clas¬ 
sified on the basis of the method used to deve¬ 
lop required aerodynamic forces. Most of the 
now operational descender designs incorporate 
an efficient brake flap which provides the 
aerodynamic forces needed for deceleration 
or maneuvering. Their advantages include 
excellent braking performance, low convec¬ 
tion heat transfer, and high volumetric effici¬ 
ency. Their drawback is a too low aerody¬ 
namic lift to provide flexible control of the 
atmospheric descent trajectory. 

For another group of descenders their body 
shape is the main producer of aerodynamic 
forces. The aerodynamic lift thus obtained 
seems high enough, but then the drag is also 
high while the convection heat flux and volu¬ 
metric efficiency are unacceptably low. 

Lastly, winged descenders produce an even 
higher aerodynamic lift. They are, however, 
less practicable since neither the reliable heat 
protection nor the wing strength required for 
high-speed atmospheric descent can be pro¬ 
vided without major difficulties. 

This classification is of course arbitrary and 
numerous intermediate configurations can be 
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designed to emphasize widely differing perfor¬ 
mance characteristics. 

A well-managed probe descent into a tropi¬ 
cal cyclone hinges critically on achieving max¬ 
imum aerodynamic efficiency. Controlled by 
the lift-to-drag ratio, it suggests the ability 
to steer the vehicle during descent. Its maneu¬ 
verability is evaluated by analyzing descent 
trajectories. Higher L/D ratios give the probe 
wider opportunities to make its goal of scien¬ 
tific instrumentation deployment to the cy¬ 
clone center. 

The simplest, ballistic descenders are so 
called for having no lift, that is, zero L/D ra¬ 
tio. Their descent in the atmosphere is uncon¬ 
trollable. 

Low LID ( 0.5 to 0.7) descenders , or “glid¬ 
ing-type” probes, can execute a controlled 
maneuver on the descent trajectory to reduce 
g-loads and heat exposure and to correct the 
possible errors in the initial entry conditions, 
atmospheric parameters and aerodynamic char¬ 
acteristics so as to more accurately guide the 
probe to the cyclone center. 

High LID (1 to 1.5) descenders feature a com¬ 
bination of high maneuverability with good 
tolerance to the g-loads and heat acting on 
the descender. Such probes can achieve preci¬ 
sion landing into a tropical cyclone for a wide 
range of initial deorbiting conditions. This 
is as important to selecting a minimum- 
energy trajectory as it is to control of braking 
engine performance by ground-based stations. 

Technically, however, the enhanced L/D ra¬ 
tio presents a complex problem, more so with 
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respect to descent control. As a result probes 
with a simpler geometry and moderate L/D 
ratios provide a more viable alternative for the 
delivery of balloons and buoys into tropical 
cyclones. 

The selection of optimal descent trajectories 
is the central task of entry probe design. The 
principal types of descent trajectories are 
considered below. 

Trajectories of uncontrollable ballistic de¬ 
scent. The descent of a ballistic probe with 
zero aerodynamic lift is the simplest to imple¬ 
ment, as no sophisticated systems are needed 
for the control and stabilization of descenders 
through their atmospheric flight. The ballis¬ 
tic approach also enhances the reliability of 
descent (in the final count) and therefore the 
chances of delivering the probe with the 
scientific instrument payload to the target 
area. 

On the other hand, the ballistic descent 
trajectory shows a number of essential disad¬ 
vantages. Most importantly, it exposes the 
descender surface to large g-loads, high tem¬ 
peratures, and intense heat fluxes. The g-loads 
experienced by the descender impose stringent 
requirements on the strength of its structural 
elements. The net heat flux determines the re¬ 
quired weight of the heat-protective coating, 
while the thermal resistance of the structural 
materials to be used is often selected to match 
the highest possible temperatures that the 
probe may have to tolerate during atmosphe¬ 
ric descent. 

In the ballistic descent from a low-circular 
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orbit the maximum g-load significantly de¬ 
pends on the entry angle; it is 8-13 for shallow 
entry (9 0 = — 1 to —3°) and 50-80 for steep 
entry (0 O = — 15 to — 20°). Whatever the 
ballistic trajectory, the pattern of g-load vari¬ 
ation at a time of flight remains essentially 



Fig. 24. G-load against ballistic descent time (for 
the entry angle 0 O = —2°) 

the same. At the probe’s atmospheric entry— 
the first 150-200 seconds—the g-load increases 
as shown in Fig. 24, reaches maximum 
and then declines until the end of the descent 
stage. The ballistic probes descending from 
low-circular orbits experience very strong heat- 
flux and high-temperature impacts. Of. these, 
the temperature increases and the heat flux 
decreases with larger entry angles. 

The shallow trajectories (0 O = — 1 to — 3°) 
are associated with the heat-flux intensity 
close to 100 kcal/m 2 and the maximum temper¬ 
ature around 3000 °C. Variation of the probe’s 
surface temperature against the descent time 
is shown in Fig. 25. Interestingly, the temper- 
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ature maximum along the descent trajectory 
is reached somewhat in advance of the maxi¬ 
mum g-load. The ballistic probe descending 
from a highly elliptical orbit develops a higher 
entry speed than it would coming down from 


T, deg 



Fig. 25. Temperature against ballistic descent time 
(for the entry angle 0„ = —2°) 

a low-circular orbit. The result is a substan¬ 
tial increase in maximum g-load, heat fluxes, 
and temperatures. For example for shallow 
entries (0 O = — 5 to — 7°) the g-load grows 
to 20, the temperature to 3500 °C, and the net 
heat flux to 200 kcal/m 2 . 

Trajectories of controllable descent. The 
descent trajectory can be controlled even if the 
probe has low values of aerodynamic lift. 
This imparts a good margin of flexibility to 
the key trajectory parameters of maximum 
g-load, maximum heat flux, and maximum 
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body surface temperature. Moreover, the probe 
can be headed for a more accurate hit in 
a typhoon. This is achieved by programmable 
control of the aerodynamic lift or L/D ratio 
during the descent. The probe’s control algo¬ 
rithm can be varied on the descent trajectory 
to match the mission objective. It can be 
defined analytically, using complex differen¬ 
tial equations to describe vehicle motion 
through the atmosphere, and state-of-the-art 
methods of optimal control theory. The discus¬ 
sion below reviews a few alternatives of con¬ 
trollable descent in the atmosphere. 

A constant maximum L/D ratio minimizes 
g-loads along the descent trajectory. In this 
case the use of even a low aerodynamic lift 
reduces g-loads more substantially than under 
similar conditions of entry in ballistic descent 
for the simple reason that on such trajectories 
probe braking has to be executed in less dense 
atmospheric layers than in the uncontrollable 
ballistic descent. (In other words, under the 
same conditions of entry these trajectories 
run higher, because of aerodynamic lift, than 
any ballistic trajectory.) For instance, the 
entry (from a low-circular orbit) at an angle of 
—2 to —3° involves a maximum g-load of 
about 2-3 for the probes whose L/D ratio if « 
0 .2; as seen, the g-load is three to four 
times lower than for the ballistic descent and 
can be lowered further to 1-1.5 by the use of 
vehicles with the L/D ratios as high as 0.5. 

The descent trajectories that make it possi¬ 
ble to minimize the heat fluxes can be con¬ 
trolled in a variety of ways depending on the ini- 
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tial entry conditions and the probe’s ballistic 
characteristics. Five types of the controllable 
trajectories are: 

(1) constant maximum aerodynamic lift 
(k = /c max ); 

(2) single reversal of aerodynamic lift from 
the negative (k = — /c max ) to the posi¬ 
tive peak (k — /c max ); 

(3) double reversal of aerodynamic lift from 
the negative (k = — fe max ) to the posi¬ 
tive peak (k = fc max ) and back to the 
highest negative value (k = — /e max ); 

(4) single reversal of aerodynamic lift from 
its positive peak value (k — /c max ) to its 
highest negative value (k = — & max ); 

(5) constant minimum aerodynamic lift 

{k — ^mai) - 

A controllable descent trajectory designed 
to minimize the net heat flux may be further 
constrained in terms of maximum permissible 
g-loads. Incorporation of the constraint also 
affects the type of trajectory control applied. 
If, for example, the descender enters the at¬ 
mosphere from a highly elliptical orbit at 
an angle of 6 0 = — 6° and the maximum 
permissible g-load is n per = 10 its control is 
executed as follows. 

The probe enters the atmosphere with the 
highest negative lift (k — — /e max — —0.2); at 
40-50 s into the flight the aerodynamic lift 
is reversed to its maximum positive value 
(k = & max ); in another 25-35 s with k = 
& max the descender reaches the maximum 
permissible g-load n per = 10. For the next 50 
to 60 s it descends with a variable aerodynamic 
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lift to keep the g-loads constant and equal to 
their maximum permissible values. Then the 
constraint is removed and the final portion 
(20-30 s) of the descent proceeds with the 
lowest aerodynamic lift (k — —k max ). 

The requirement to minimize the maximum 
temperature tends to modify descent trajectory 
control in ways dictated by the surface temper¬ 
ature behavior during the probe’s atmospher¬ 
ic descent. Specifically, it causes several 
temperature maxima (T) to appear along the 
descent trajectory. However, when or where 
the expected minimized temperature maxi¬ 
mum springs up on the descent trajectory is 
impossible to predict. There are several ways 
to get around it, in particular through the 
kind of descender control that will minimize 
the first temperature maximum as it occurs. 
Should this prove successful, the flight must 
be made to proceed at constant temperature 
T = T*. Research has established that, be¬ 
cause of the limitation on the magnitude of 
aerodynamic lift the constant-temperature de¬ 
scent is solely possible for the T* values at or 
above some permissible minimum tempera¬ 
ture T per- 

To sum up, the descent trajectory control 
ensuring the least maximum temperature in¬ 
cludes: entry with the highest aerodynamic lift 
and descent as far as the first temperature 
peak; descent after the temperature peak T t 
with some constant aerodynamic lift such 
that the descender should enter the flight re¬ 
gime with a uniformly varying trajectory angle 
to the local horizon (0 = const, the regime oj 
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steady gliding)', descent along the steady glid ¬ 
ing path; discontinuation of steady gliding 
in view of the constraints on the aerodynamic 
lift; descent at a zero roll angle. 

Under this control algorithm, the maximum 
descent temperature occurs either as the first 
peak or as the highest temperature along the 
steady gliding portion as dictated by the 
designer’s choice of ballistic specification and 
initial entry conditions. 

During deployment of research instrumen¬ 
tation in the effective area of a tropical cyclone 
it is sometimes necessary to provide favourable 
conditions for measuring atmospheric para¬ 
meters across a wide range of heights. This is 
achieved through descent trajectory control 
allowing maximum flight altitude to be main¬ 
tained along the aerobraking path and the spe¬ 
cified velocity to be reached at the parachute 
system deployment. The descender enters the 
atmosphere with the highest (in magnitude) 
negative aerodynamic lift (k — —k max ). Then, 
at some point in time the aerodynamic lift 
is reversed to its positive peak (k k max ), 
whereupon the descent occurs with a constant 
maximum aerodynamic lift until the touch¬ 
down. 

Landing the descender in the desired area is 
a key challenge to typhoon research based on 
instrument deployment from orbit. The higher 
the landing accuracy of the descender relative 
to the “eye” of the typhoon, the more effective 
is the investigation method. The problem of 
landing the vehicle in a pre-assigned location 
can be solved by properly selecting and imple- 
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menting the suitable conditions of entry. 
However such an approach to range control 
may or may not be practicable even with 
a large tolerance for dispersal of the hitting 
points. True [8], a careful selection of the 
braking engine switch-on time and the braking 
pulse value and direction can provide the 
desired longitudinal flight range during the 
probe’s descent from its orbit. However atmo¬ 
spheric flight control is the only way to offset 
the lateral deviation relative to the typhoon 
center and only in rare cases, when the typhoon 
has a long lifetime, can one wait for the 
landing orbit track to run across the designat¬ 
ed target site. If the hitting accuracy must be 
high, as in the case of precision landing in the 
typhoon “eye”, range control solely by mani¬ 
pulation of deorbiting parameters prevents 
accurate instrument delivery into the target 
area. 

A good knowledge of the probe’s maneuver¬ 
ability or, to put it differently, its possible 
zone of maneuver is critically important when 
aerodynamic lift is applied for control. The 
descender maneuvering zone is defined as the 
region of negotiable longitudinal and lateral 
ranges for a certain descender geometry given 
the initial conditions of atmospheric ent¬ 
ry [8]. With the accurate descender landing 
to aim at, its maneuvering zone needs to be 
larger than any possible dispersal of hitting 
points to accommodate the various perturbing 
influences due to a misjudged and misdirected 
braking pulse during deorbiting and errors 
during atmospheric flight. These “atmospheric” 
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errors arise as the calculated air drag departs 
from its true value, a function of air density, 
vehicle air friction coefficient, and ballistic 
design characteristics of the descender. To 
estimate the extent of the maneuvering zone 
requires identification of the descent trajecto¬ 
ry control mode sufficiently flexible to support 
maximum and minimum longitudinal and 
lateral ranges. In effect, the designer should 
define four control procedures for the aerody¬ 
namic lift of the descender, one for each of 
the following alternatives: 

(1) maximum longitudinal range; 

(2) minimum longitudinal range; 

(2) maximum lateral range; and 

(4) minimum lateral range. 

Computer-aided descent trajectory simulation 

provides a way to evaluate maneuverability 
for different probe geometry. 

We shall consider next control modes appli¬ 
cable to some of the trajectories that deter¬ 
mine the maneuvering zone of a descender. 

The control mode seeking to minimize the 
descender flight range is straightforward enough 
to require merely that the highest negative 
aerodynamic lift be maintained throughout 
the descent segment. Simple as it is, the 
mode is not always feasible on account of 
high g-loads. Hence the majority of applica¬ 
tions adopt a more sophisticated control mode 
capable of satisfying the constraint on maxi¬ 
mum permissible g-load. At the probe’s entry 
into the dense atmosphere all its aerodyna¬ 
mic lift is directed “downwards” getting the 
probe to adhere to the maximum negative 
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L/D ratio. After 40 to 50 s the descender 
“turns upside down” and its aerodynamic lift 
is reversed to an upward thrust. The reversal 
timing is chosen so as to generate the required 
maximum g-load equal to the permissible val¬ 
ue. For 20 to 30 s the probe moves with the 
maximum aerodynamic lift. Once the permis¬ 
sible g-load has been reached, the descender 



Fig. 26. Variation of minimum-descent-range trajec¬ 
tory parameters 

changes to a variable aerodynamic lift which 
enables it to tolerate for 60 to 80 s the maxi¬ 
mum permissible g-load. Then the probe 
performs a maneuver known as constraint 
removal to let the lift surge up to its maximum 
value (k — k max ) which the vehicle maintains 
through the remaining period of descent (120 
to 140 s). By way of illustration Fig. 26 shows 
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how the behavior of some descent trajectory 
variables (such as height, velocity, trajectory 
angle to the local horizon, and g-load) and 
the control parameter (L/D ratio) relates to the 
atmospheric descent time. 

The trajectories yielding the maximum lon¬ 
gitudinal flight range are not as steep as the 
minimum range trajectories. As a result, the 
g-loads that ensue are typically not too high 
and the aerodynamic lift control procedures 
applied need not accommodate the constraint 
on their magnitude. A probe on the maximum- 
range trajectory should generally be controlled 
so as to maintain its maximum positive lift 
throughout the descent. Sometimes the aero¬ 
dynamic lift may be switched briefly to its 
negative peak to prevent the descender leaving 
the dense atmosphere, whereupon the probe 
resumes its flight with the positive lift until 
the descent trajectory runs out. 

For lateral maneuvering in the atmosphere 
the longitudinal flight range becomes sub¬ 
stantially smaller for given initial conditions 
of entry than the maximum longitudinal 
descent range discussed above. Each particular 
longitudinal range has only one matching 
value of the lateral range (Fig. 27) and, 
conversely, there is one quite definite value 
of the longitudinal range corresponding to the 
maximum lateral range. 

Some deployments of an orbital probe down 
into the tropical cyclone center may well de¬ 
mand flying the longest lateral-range trajecto¬ 
ry. As a rule, this raises the attended condition 
of rigorously maintaining the longitudinal 
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range setting as well. One will see from 
Fig. 27 that these are conflicting requirements 
since the probes with preset design ballistics 
can maximize their lateral descent range only 
for some specific longitudinal range. To obtain 
the desired lateral descent range requires prop- 



Fig. 27. Descender maneuvering zone 


er adjustment of the satellite orbit and metic¬ 
ulous timing of the braking engine switch-on 
during descent. 

The maneuvering zone dimensions depend 
on initial entry conditions and the L/D ratio. 
A higher probe entry velocity pushes the zone 
to expand as do also shallower probe entry 
angles and greater L/D ratios. The lateral/lon¬ 
gitudinal range relationship is identical for 
aerodynamically dissimilar probe configura¬ 
tions. Note the limited potential for lateral 
maneuverability in the “gliding probe” with 
its low aerodynamic lift. Although the maneu¬ 
vering zone is somewhat diminished to accom¬ 
modate the constraints on descent trajectory 
parameters (e.g. permissible g-load) the late¬ 
ral/longitudinal relationship is not affected. 

The longitudinal orbit-to-orbit shift of the 
low-circular orbit projection for one orbit 




220 


Ch. 4. Instrument Deployment Cyclone 


ranges 2500 to 3000 km at the equator. The 
analysis of statistics on the motion of typhoon 
trajectories over the ocean surface suggests 
that it is not impossible for a tropical cyclone 
center to appear for a time between two succes¬ 
sive orbits, traveling at the diurnal orbit shift 
rate. The situation has the least promise for an 
accurate touch-down in the center of a tropical 
cyclone and, to achieve it, the descender should 
accomplish some lateral maneuvering. The 
aerodynamic lift or velocity side thrust at the 
instant of deorbiting must be sufficient to 
power the maneuver. In the former case, high 
L/D ratio descenders (on the order of 2) should 
be used to cover the orhit-to-orbit gaps. 
Alternatively, the orbit-to-orbit gaps can be 
closed by a ballistic probe if it carries enough 
propellant to apply side thrust. For the 
lateral ranges about 1300 to 1500 km in magni¬ 
tude the side velocity pulse of 1500 to 1700 m/s 
is required for the “short” descent trajectories. 

Sec. 18. Descender 

The descender has the aim to deliver a payload 
(balloons and buoys with a scientific instru¬ 
ment package are the case in point) from the 
satellite orbit into a tropical cyclone. 

Designers of space technologies, scientists 
and engineers have credit for dramatic suc¬ 
cesses in the development of descenders for 
landing on the Earth and other large celestial 
bodies of the Solar system (Moon, Venus, 
Mars). Yet neither the available know-how nor 
the methodologies evolved so far to simulate 
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descender trajectories or their individual para¬ 
meters have been able to rigorously formalize 
the design process. Radical design concepts of 
descent vehicles to serve innovative applica¬ 
tions in a new unconventional environment (of 
which the transport of instrument package into 
the location of active tropical cyclones is but 
one) tend to draw heavily on the design fea¬ 
tures of the earlier models. The design tools 
used include approximate parametric esti¬ 
mations, full-scale experiments and methods 
of similarity theory. The rationale for such 
an approach emerges from a multitude of pro¬ 
blems in the design and development of new 
descenders. 

Since descenders are indeed heavy-duty 
vehicles they must be made robust enough to 
remain operational against adverse conditions 
both during the orbital approach (vacuum, 
zero gravity, solar radiation, and so on) and 
the atmospheric descent (intense heat fluxes, 
air drag, elevated temperatures and g-loads). 

In other words, the probe intended for return 
to the Earth from orbit must combine the 
functions of an orbital spacecraft and a flying 
vehicle capable of independent control move¬ 
ment in the dense atmosphere. One important 
probe design consideration assumes the descent 
trajectory to be predetermined by the braking 
pulse applied while the probe is still in orbit. 
For this reason a sufficient reliability margin 
should be built into the descender design 
to help it get the better of perturbations on 
its way to touch-down. 

The descender geometry (its outline), weight 
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and layout are defined at the engineering 
design stage. The forces and torques exerted on 
the descending probe nmst be also considered 
at this stage since they control its linear and 
angular accelerations and therefore its strength. 
Chief among these are .surface distributed 
aerodynamic forces, or the pressure at each 
point of the descender surface flown-over by air, 
along with the gravity forces and inertia due 
to thrust-induced accelerations and the air 
drag. 

Their total (cumulative) force is defined in 
terms of magnitude, direction and point of 



Fig. 28. Aerodynamic forces applied to the descender: 
R —total aerodynamic force; Q—drag; Y—lift 


application which is called the center of pres¬ 
sure (Fig. 28). This force times the distance 
from its line of action to the center of mass 
gives the probe its torque. The instantaneous 
angular acceleration of the probe varies pro¬ 
portionally with the torque and inversely with 
its moment of inertia. The latter is the higher 
the larger the mass of the probe components 
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and the farther they are removed from its 
center of mass. 

The probe attitude with respect to the 
flight direction can be reliably controlled 
only as long as the probe’s center of pressure 
stays behind its center of mass. Their spacing 
must be kept within very tight limits because 
if they are too close, random probe vibrations 
decay slowly and the probe flies tilting all 
the time. 

To choose the final descender configuration 
and structural design much research is re¬ 
quired by a variety of disciplines in science and 
technology. The main disciplines are ones 
which establish the descender’s ballistic char¬ 
acteristics, select the best-suited heat-pro¬ 
tection scheme, find optimal aerodynamic 
configuration of structural components, deve¬ 
lop individual components and the overall 
structure, configure a system to deploy balloons 
and buoys in the oncoming air flow, iden¬ 
tify the best system to maintain control and 
stabilization in all descent stages, establish 
and design other systems—e.g. power supply, 
automatic control, thermal control, radio 
communication and telemetry support. 

Consideration is needed for the impacts 
specific to the operation of the descenders, 
balloons, and buoys in the effective range of 
typhoons. These are, first, large uncertainties 
in our understanding of the behavior of the 
atmospheric and ocean surface layers within 
the effective area of each specific typhoon 
targeted for study in situ\ second, tremendous 
wind speeds and wave heights, and third, wide 
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cyclone-to-cyclone variations of atmospheric 
and ocean parameters such as wind speed, 
temperature and pressure. 

Other factors to be considered for the descen¬ 
der design that restrict possible choices include 
lead time, payload option for delivery to the 
target area, maximum permissible size and 
weight, maximum affordable g-loads and angu¬ 
lar velocities on the descent path, full-scale 
testing of the descender and its systems in 
a relevant (near-operational) environment, 
current potentials of manufacturing technolo¬ 
gy, the science of materials and instrument 
engineering, and, last but not least, projected 
overall costs. 

Finally, a critical feature which sets apart 
the descender models for tropical cyclone 
studies from all earlier designs is this: whereas 
all previous missions sought to land the des¬ 
cenders in areas with known latitude and lon¬ 
gitude, the landing site is not known in advance 
for descents into tropical cyclones. Further¬ 
more, after a cyclone is detected and located, 
its position keeps changing in ways that are 
unpredictable. 

The overall R and D objective is to provide 
optimal solutions in each of the guidelines in 
descender design. Not infrequently, however, 
the particular optimal solutions are in conflict 
with inherent descender characteristics or 
with one another thus requiring that com¬ 
promises be made. 

In designing a descender research usually 
begins with choosing key ballistics. For the 
ballistic vehicles with uncontrollable atmo- 



18. Descender 


225 


spheric descent these include normalized load 
on the front surface or the ratio of the descen¬ 
der mass to the area of its characteristic cross 
section and drag coefficient. 

For the low lift/drag ratio descenders (on the 
order of 0.5-0.7), or “gliding” vehicles control¬ 
led by varying the bank angle, the critical 
ballistic parameters are normalized load on 
the front surface and the L/D ratio. 

The main ballistic parameters of a descen¬ 
der importantly define all other R and D 
guidelines. They govern the choice of the 
descender trajectory in the atmosphere crucial 
to setting further design priorities and only 
upon establishing the key ballistics can one 
proceed to calculate the g-loads, heat fluxes, 
and temperatures the descender may have to 
withstand going through the atmosphere. They 
also provide a glimpse of the operational 
environment with respect to radiocommuni¬ 
cation, control, thermal control and other 
systems. Based on the atmospheric descent 
trajectory, more focused work can be done to 
select the descender’s heat-protection system, 
configuration, optimal aerodynamics, and con¬ 
trols consistent with the key ballistics cho¬ 
sen. 

Aerodynamic research represents a guideline 
of descender design concerned with theoretical 
and experimental studies and model and 
full-scale tests. The aerodynamic design employs 
computer-aided simulation and wind tunnel 
tests; the full-scale tests are supported by 
aircraft, helicopters and carrier-rockets and 
structured as a two-staged procedure. 
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The objective of the first stage is examining 
the aerodynamic behavior for a large number 
of descender configurations to determine the 
feasibility of various types of descenders for 
getting inside the tropical cyclone after being 
released by a satellite. 

The second stage focuses on the selected 
descender configuration and provides more 
insight into its aerodynamic behavior. As 
the second stage involves a variety of full-scale 
tests and unique experiments, more money and 
manpower are required than during the first 
stage. This stage of the aerodynamic research 
is decisive because its findings, if they disprove 
the theoretical estimates of the first stage, 
may urge rejection of the original descender 
configuration and a search for other accep¬ 
table design options. 

Even a short overview of the problems that 
arise in every design discipline is volumi¬ 
nous enough. We shall now outline in brief 
two structural design alternatives for the 
probe to deliver balloons and buoys with 
a payload of scientific instruments into ty¬ 
phoons and hurricanes. 

Alternative 1. Figure 29 gives the general 
view of a descender configured as conical 
screen 1 with an aperture angle of 120°. The 
screen being the principal load-bearing com¬ 
ponent, all other units and systems are at¬ 
tached to it. The frontal screen carries inside 
cylindrical skin 2 with primary frame 3 with 
three balloons fitted to it. The primary frame 
and the skin are made up of four sections 
connected by bolts of the separation system; 



Fig. 29. The first type descender: general view 
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the bottom section is attached to the frontal 
screen. 

The central part of the descender houses 
parachute container 4 held together with 
container 5 for meteorological instruments. 
Load-bearing cone adapter 6' is used to fasten 
the containers to the upper balloon. The cone 
also carries functional unit 7 of the control 
system and the power supply one. Control 
system actuators are mounted on the front 
screen periphery and consist of four gas 
nozzles 8, two spin-on and two spin-off engines 9. 
The peripheral layout of the engines provides 
for the highest torque with the same thrust 
from 8 and 9. Deorbit engine 10 is another 
screen periphery feature. The braking screen bow 
holds the scientific instruments, a transmitter, 
and a memory unit. 

The balloon is an independent system hav¬ 
ing load-carrying cone 6 as its primary 
structure. The cone bottom carries torus¬ 
shaped container 11 with a drift system whose 
components are the balloon envelope, its 
apexes and suspension, and a gondola. 

Container 11 is a two-piece structure held 
together by explosive bolts. After the balloon 
is deployed and inflated the container bottom 
serves as the ballast to separate the drift 
system from the deployment system, which is 
jettisoned at the lowest point of the balloon 
descent trajectory. 

In the cone top there are six pressurized 
spherical helium bottles 12 connected via 
a common manifold to the valves feeding gas 
to the envelope. In addition the cone top 
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houses container 13 with the packed, stabiliz¬ 
ing parachute and balloon deployment para¬ 
chute. 

Alternative 2. Another descender configura¬ 
tion, depicted in Fig. 30, features a frontal 



Fig. 30. The second type descender: general view 


screen shaped as a spherical segment, a side 
conical surface, and a spherical rear section. 

Inside the descender there are three balloons 
located beneath one another along the satellite 
axis and attached to four load-bearing rods 3. 
Each rod has five sections connected by explo¬ 
sive bolts of the separation system. The top 
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and bottom sections are fixed, respectively, 
on the top hemisphere and frontal screen of 
the descender. 

The control system and its actuators (four 
gas nozzles) are also mounted on the top 
hemisphere. Spin-on and spin-off engines 4, 
both of them components of the control system, 
are attached to the side surface, and the deor¬ 
bit unit out of four powder engines 5 with 
calibrated deorbit pulse is secured to the top 
hemisphere. 

In the aft, the descender holds parachute 
container 6, held together with the shell con¬ 
tainer of the upper balloon by load-bearing 
cone 7. The parachute container and cone 
support the power supply system and the 
instrument package. Load-bearing cone 8 is 
the key structural design component. 

In the cone margin are found torus-shaped 
container 9 incorporating the shell of the 
balloon system with top and bottom caps and 
suspension, and the gondola, which together 
make up the float system. Six pressurized 
bottles are tucked between the shell container 
and the parachute container atop the load- 
bearing cone. 


Sec. 19. Balloon 

Because of the severe environmental condi¬ 
tions such as high wind speed, excessive humid¬ 
ity, and low pressure, measurements in tro¬ 
pical cyclones require a special-purpose flying 
vehicle capable of sustained operation. 
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The development of an efficient vehicle of 
this kind must rely on a good knowledge of 
flight aerophysics, in-depth examination of 
possible aerodynamic and aerostatic configura¬ 
tions, and layout alternatives. When calculat¬ 
ing the optimum lifting capacity of a partic¬ 
ular version, the designer should also keep 
in mind the development costs. Once several 
design options have been established, their 
travel ranges should be estimated along with 
the probable impact of the design variables 
on flight altitude and duration. 

The balloon appears to be the most attrac¬ 
tive vehicle concept to fly into the effective 
ranges of tropical cyclones for the reasons 
that follow. 

First, the balloon is very convenient for 
carrying out a variety of scientific experiments. 
When applied for meteorological observations 
in tropical cyclones, it provides the means to 
monitor globally the processes around ty¬ 
phoons and to follow the migration of tropical 
cyclones; it can collect data at almost any 
point over the globe within a wide altitude 
range, up to about 50 km; it can help calibrate 
satellite-derived remote sensing data using 
measurements from contact sounding of the 
atmosphere. 

Second, the balloon can drift with the 
wind air currents in the tropical cyclone’s 
interior, the property of singular importance 
to studying the air current pattern in a ty¬ 
phoon or hurricane. Indeed, relying on the radio 
equipment on-board the balloon and satellite, 
one can track the balloon with a high accuracy 
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and thus derive the velocity and direction of 
air currents in the cyclone, the location of its 
center (the eye of the storm), and the cyclone 
path over the ocean. 

Its further advantages are those of being 
relatively simple in design, highly robust in 
service and capable of floating for several 
months. The balloon is an all-weather craft, 
consumes no energy to move, combines the 
highest lifting capacity with a very simple 
design, and minimizes the time for its manu¬ 
facture. 

An inherent limitation of the balloon arises 
from the difficulty of controlling its vertical 
and horizontal motion within the tropical 
cyclone. 

Sounding balloons have been widely used 
as scientific platforms in the atmosphere. 
Thousands of unmanned balloons are flown 
every day all over the globe. In recent years, 
ballooning has become a major factor in 
atmospheric studies. Every probe of this kind 
is an unmanned weather station that carries 
a package of high-accuracy instruments to 
support regular operational observations of 
the atmosphere in a wide altitude range up to 
50 km with prompt data delivery to the 
end-user. 

Windborne unmanned balloons have come 
to be recognized [3] as a vital component of 
the global atmospheric and ocean research 
system. The system also incorporates weather 
satellites, aerological stations, rockets, air- 
craft-based weather stations and research 
ships, 
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It is to be noted that the free-floating balloon- 
borne measurements of the atmospheric para¬ 
meters have been employed beyond the Earth 
as well. It is well known that the Soviet 
interplanetary probes of the Vega project deli¬ 
vered balloons into the atmosphere of Venus 
in June 1985. Over a fairly long period (about 
a day) these balloons radioed back to the 
Earth measurements of the atmospheric para¬ 
meters at 55 km above the Venus surface. 

The balloon design flown into a tropical 
cyclone from orbit must meet some specific 
requirements that are seldom, if ever, expected 
of the counterparts launched from the Earth. 
First of all, the balloon envelope material must 
be able to stay folded through a long flight and 
then deploy intact to be filled with a lifting 
gas with the aid of a special parachute system. 
The descender that houses the probe slows down 
from 8000 m/s to about 200 m/s, but even at 
this fairly low speed, releasing the balloon 
and inflating its envelope is a difficult chal¬ 
lenge. First and foremost, this is due to the 
hard dynamic shock produced when the probe 
is caught up in the counter airstream and 
which may damage or even destroy the probe 
and its scientific instrument package. The 
speed must therefore be further damped by 
means of another parachute system. 

These envelope deployment and inflation 
problems lead to another constraint to be 
factored into the design of a balloon intended 
for delivery from orbit by a descender. 

And the final factor to be considered is the 
severe atmospheric environment the balloon 
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will encounter when floating in the tropical 
cyclone center. This environment places a pre¬ 
mium on balloon stability. The balloon gener¬ 
ally has six degrees of freedom: three of 
them define the motion of its center of mass 
and the other three define the rotation about 
the center of mass. 

tiiven the harsh operating conditions in 
the tropical cyclone’s interior and the con¬ 
straints imposed by the experiment design it 
is the designer’s primary concern to ensure that 
the balloon’s upright position be statically 
stable. To this end, the center of mass of the 
entire system (the gas-filled envelope, gondola 
together with the instrument package, power 
supply, transmitter, etc.) must lie below the 
center of static lift which is naturally that of 
the gas volume. Strong atmospheric distur¬ 
bances generated by a tropical cyclone put a sta¬ 
tically stable balloon off its equilibrium. 
The balloon tends to regain the original 
equilibrium, and with a small distance be¬ 
tween the balloon’s center of mass and the 
center of pressure of the lifting gas in the 
envelope, wind disturbances amplified by the 
balloon’s oscillations, may cause the balloon 
to overturn. 

Basic balloon components. As shown in 
Fig. 31, structurally a balloon comprises three 
components: a gas-filled envelope, suspen¬ 
sion system, and payload (e.g. measuring 
instruments, a transmitter, power batteries, 
etc.). It is a design component and an autono¬ 
mous system of the descender. Balloon envel¬ 
opes may be open, semi-closed or closed. 
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A balloon of the open 
or the semi-closed type 
has either an appen¬ 
dix in the envelope or 
a valve to maintain 
the internal pressure. 
The envelope of a closed- 
type balloon has no 
valve to control the 
pressure and is made of 
a high-strength mate¬ 
rial. When inflated its 
lifting gas pressure is 
higher than ambient at 
the design float alti¬ 
tude and hence another 
name for the vehicles 
of this kind is super¬ 
pressure balloons. 

Note that a more ri¬ 
gorous treatment of the 
balloon envelope design 
should, strictly speak¬ 
ing, include the effect 
of the internal pres¬ 
sure which decreases 
from the bottom to the 


top in the same way as 


Fig. 31. Balloon the external pressure 
changes. By magnitude, 


however, its variation 


with altitude is lower than of ambient air. 


Thus, the pressure differential maximum will 
come at the top envelope and the minimum at 
the bottom. On the Earth this effect is negli- 
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gible. Not so in the Venusian atmosphere with 
its predominantly high pressure levels. The 
Soviet balloon which in June 1985 was deli¬ 
vered into the Venusian atmosphere under the 
Vega project and sped through it driven by 
a strong wind, had a shell with a more rein¬ 
forced construction at the top than at the 
bottom. 

Special attention must be given to the 
envelope shape responsible for lift variation. 
The spherical shell gives the balloon the 
highest possible lifting capacity. Indeed, for 
a given shell surface area, the balloon volume 
will then be the largest possible while the 
weight of the material will be minimized. The 
volume of a balloon designed to fly a specified 
payload weight is strongly correlated with 
the air density at float altitude. 

Given a constant static lift, the rated shell 
volume required to fly at altitude h varies as 
the reciprocal of atmospheric density and can 
be approximated as 14]: 


V s (h) 


Vo 


Po 

pW ’ 


where F 0 is the rated volume at sea level; 
p 0 is the atmospheric density at sea level. 
The balloon’s envelope is assumed to main¬ 
tain its geometry despite float altitude varia¬ 
tion. 

Because the float altitude actually deter¬ 
mines the air density, the lower-altitude mis¬ 
sion calls for the smaller balloon. 

The best option for a sounding balloon to 
be released from orbit is a closed spherical 
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envelope. Such an envelope consists of soft 
collapsible strips and top and bottom caps 
(poles). The caps help seal the ends of the 
strips and provide a mechanical link between 
the envelope and the gondola. Modern balloon 
materials are durable and can hold the lift¬ 
ing gas over a long period (for months and 
even years). 

The balloon shell is best inflated with a light 
inert gas such as helium which is neither 
flammable nor explosive. A light gas causes the 
internal pressure to rise above the ambient as 
the balloon ascends. The overpressure has the 
effect that the lifting gas serves the dual 
function of generating the lift and providing 
a kind of frame to maintain the shape of the 
envelope. 

Given the balloon mass the mass m g of 
the lifting gas is related to the gas constant 
R t of the ambient air and R g of the lifting 
gas as [41: 

m g {h) — m^RjRg. 

Put another way, the lifting gas to balloon 
weight ratio is constant. With helium as the 
lifting gas, the ratio is 0.138; with hydrogen 
it is 0.07. 

The balloon’s gondola carries a transceiver 
and a meteo package, an antenna with a feeder, 
sensors, and batteries. The gondola is fastened 
to the bottom cap of the envelope by a sus¬ 
pension rope 10 to 15 m long. 

Comparisons between balloon design configu¬ 
rations are made in terms of aerodynamic, 
aerostatic, and design specifications as well 
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as geometry, lifting capacity, ami transpor¬ 
tability. The designers apply various criteria 
to judge their flight performance. One exten¬ 
sively used criterion seeks to maximize the 
payload weight while abiding by the estimated 
production costs and desired operational reli¬ 
ability with a specified length of service. 

Not infrequently, theory and full-scale ex¬ 
periments help derive the balloon’s payload 



Fig. 32. Shell volume vs balloon payload 

weight as a function of its size and geometry. 
As an example Fig. 32 [41 presents the payload 
weight against balloon envelope volume. It 
can be seen that a smaller volume supports 
a proportionally smaller payload. For instance 
for the envelope volume of 1200 m 3 , the payload 
weight is about 400 kg. For a smaller volume 
of 300 m 3 , the payload also drops to 100 kg. 
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The weight of the various balloon components 
is selected to match the float altitude. 

There is an optimum float altitude capable 
of yielding the smallest weight for the entire 
balloon. The optimum altitude increases pro¬ 
portionally with the gondola weight and 
inversely with the envelope weight [15]. 

The balloon’s maximum operating altitude 
is a critical design parameter, reaching its 
highest value when the envelope has been 
filled to capacity. 

The gas in the shell expands as the balloon 
climbs higher. With the mass of the gas remain¬ 
ing constant, the shell is filled to capacity 
when the balloon attains a certain altitude 
(at a lower balloon altitude the envelope is 
somewhat creased but smooths out as it as¬ 
cends). With increasing altitudes the internal 
pressure may generate stresses in excess of the 
film strength, destroying it. Thus, the film 
quality and strength control the maximum ope¬ 
rating altitude of the sounding balloon. Shell 
materials typically harden at a lower tempera¬ 
ture and the shell strength decreases accord¬ 
ingly, which is why the lowest operational 
altitudes are achievable in winter and at 
night-time. 

The balloon’s float altitude is also related 
to its dead weight and its payload. The smal¬ 
ler the balloon’s net weight, the higher altitu¬ 
de it can reach. For this reason light materials 
have greater usefulness for both the balloon 
and its instrument package. 

Ideally a superpressure balloon with no 
vertical motion control must float at the height 
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corresponding to constant density level. In 
actual fact that is not the case, primarily 
because of unstable film properties, wind dis¬ 
turbances, and variation of the radiation 
environment at the float altitude. 

Collected readings of the pressure sensors 
and radar altimeters justify the conclusion 13] 
that the greatest altitude excursions are brought 
about by the radiative heating and cool¬ 
ing of the solar cycle. As the lifting gas tem¬ 
perature varies in the course of the day, the 
internal pressure fluctuates and so does the 
balloon’s float altitude. To give an illustra¬ 
tion, for a balloon 2-4 m in diameter, alti¬ 
tude variations due to shell stretching and 
lifting gas leakage may be 50 to 70 m while 
the daily altitude excursions caused by the 
difference in ambient air temperature from 
daytime to night-time range 200 to 300 m 
and show a regular 24-hour pattern. 

Altitude variations are also strongly affect¬ 
ed by cloudiness. 

The flight duration of a superpressure balloon 
is mainly governed by icing, solar radiation, 
and gas leaks through the shell material. 
Available operating experience and theoretical 
investigations confirm [3] that the balloon 
can float in the upper troposphere or in the 
stratosphere for several years on end provided 
helium is the lifting gas and the shell is made 
of an appropriate material, e.g. polyethylene- 
terephthalate. In the lower troposphere the 
balloon’s flight duration is much shorter (20- 
30 days) because of icing. 

Large-scale theoretical studies and experi- 
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ments concentrate on ways to extend the 
balloon’s operational life. A number of ap¬ 
proaches have been developed to support long- 
dural ion ballooning at different float alti¬ 
tudes [3], One of these makes use of multilayer 
films to hold back the gas bleeding through 
the mic. opores in the balloon material although 
they do create an additional weight penal¬ 
ty and require more lifting gas for the same 
payload. 

There are several ways to prevent the balloon 
from icing 13]. In particular, this is achieved 
by the addition of carbon black to the bal¬ 
loon material to augment solar heating, or 
envelope impregnation with a water repellent. 

An extensively used technique to combat 
ice build-up consists of taking the balloon 
out to another float altitude by vertical 
maneuvering. 

The balloon’s envelope usually bursts after 
some time and the housing together with the 
instrument package falls to the ground or into 
the sea, thus terminating its operation in the 
atmosphere. 

It may so happen that the data acquired can 
be transmitted only after a time delay. In 
this situation the data are first recorded into 
a storage device and kept there until the 
radiosonde comes into the visibility range of 
a relay satellite—then the scientific data are 
transmitted by the satellite to ground stations. 
With this data link arrangement it is desirable 
that the storage device and transmitter re¬ 
main operational some time after the balloon 
hits the ground or the water. To make this 
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possible, the radio package is put into a wa¬ 
terproof container complete with a small 
parachute whereby the container can stay 
afloat for a period of time. 

Of particular interest in typhoon explora¬ 
tion is the balloon model featuring adjustable 
static lift. This balloon design can acquire 
comprehensive data on the atmospheric para¬ 
meters in the different layers of a tropical 
cyclone. 

The balloon design with a ball-shaped en¬ 
velope and adjustable static lift has altitude 
control but lacks flight direction control 
which can be accomplished by shaping the 
balloon as an elongated cigar provided with 
motors and rudders; but again the lightweight 
motor is far from easy to develop. In the 
early stages of balloon-supported cyclone 
exploration uncontrolled balloons or those 
with unsophisticated vertical motion control 
appear to be the best alternative. 

One of the simplest methods to control the 
static lift and, consequently, the balloon’s 
vertical motion is to let some of the lifting 
gas escape into the atmosphere; another ap¬ 
proach reduces the balloon’s weight by jet¬ 
tisoning the ballast. In the first scheme the 
static lift is increased taking up the balloon; 
in the second, a lower lift causes the balloon 
to descend. 

The balloon can rise up to a limit as ambient 
atmospheric pressure falls with altitude to hold 
down the static lift and the ascent rate. 
There comes a point when the static lift is 
offset by the net weight of the balloon and 



19. Balloon 


243 


payload—this altitude is termed balloon ceil¬ 
ing. 

This balloon control strategy proves unre¬ 
liable when the ballast water freezes or the 
gas relief valves stick, or for other reasons. 
Besides, gas release impairs the flight range 
and duration. 

The balloon control with no ballast to 
adjust its vertical motion requires more power 
to vary the internal gas temperature or pressure 
by means of a gas burner with a reserve 
of fuel which may be mounted below the bal¬ 
loon’s appendix. Alternatively, the static lift 
can be controlled by heating the lifting 
gas [41 with the hot exhaust gases of a piston 
engine carried in the gondola. In this case the 
balloon’s static lift is produced by the com¬ 
bined buoyant forces of the helium and exhaust 
gases. By heating or cooling the exhaust 
gases the static lift can be altered, thereby 
moving the balloon up or down. 

Yet another option involves a balloon 
with adjustable life, the pressure inside the 
envelope being the controlled variable. Based 
on simple calculations [4], one may take it, 
as a general rule of thumb, that a ballast 
which accounts for five percent of the balloon’s 
weight is equivalent in terms of lift to an 
additional gauge pressure of 0.05 kgf/cm 2 . 

Typhoon studies using the parent balloon. 
We will now take a look at another useful 
design option to explore in situ tropical 
typhoons [15j. From an orbiting satellite 
a descender can deploy a parent free-floating 
balloon into a tropical cyclone. This balloon 
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carries on board smaller lightweight balloons 
or parachute radiosondes to be released into 
the atmosphere as required by the experi- 




Fig. 34. Lift-type bal¬ 
loon: 


1 —carrier balloon; 2 — 
intermediate balloons; 
3 —rope 


ment design. The scheme may well afford an 
enhanced package of scientific equipment to 
obtain detailed information. A general view 
of the parent balloon is depicted in Fig. 33. 
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Simultaneous vertical sounding of the at¬ 
mosphere. A research project may call for 
concurrent vertical profiles of atmospheric or 
ocean parameters. This part of the measure¬ 
ment program may run into difficulties if 
the parent balloon or the descender deploys 
single balloons. A “lift” configuration may 
then be more attractive, still more so if the 
target is the eye of a typhoon. The arrange¬ 
ment is shown in Fig. 34 [15]. The parent 
balloon carries smaller intermediate balloons 
attached to a rope. The intermediate balloons 
ride on the suspension to offset its weight 
and that of the scientific instruments mounted 
next to the balloons. The bulk of the support¬ 
ing equipment (power supply, programmable 
timer, transmitter, etc.) and some scientific 
instruments are borne on-board the parent 
balloon. 

The “lift” arrangement provides a com¬ 
prehensive simultaneous data acquisition ca¬ 
pability with respect to the various atmospher¬ 
ic parameters over a range of altitudes in 
a tropical cyclone through the altitudinal 
profile of the balloon’s flight path. The para¬ 
meters include humidity, pressure, density, 
temperature, and illumination in the atmo¬ 
sphere, wind velocity and direction, atmo¬ 
spheric heat transfer, and several other para¬ 
meters. 

Variable-geometry balloons. The typhoon 
observation balloons are given a fixed or 
variable shape so they can drift in its effective 
zone. In a number of applications the variable- 
geometry balloons are superior to the conven- 



Fig. 35. Variable-geometry balloons: 

a —envelope shape at various ambient pressures; b —arrange¬ 
ments of deployed LTAs; c—arrangements of folded LTAs 
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tional fixed shape vehicles. Figure 35 shows 
a possible configuration [15] which employs 
LTA discs as its components. The shape of 
a disc can vary with ambient atmospheric 
pressure from a spheroid to a sphere or cylin¬ 
der. It can be seen from the figure that disc¬ 
shaped components can be conveniently 
stacked in the descender as a package. 

To summarize, it can be said that progress 
in contact sounding of tropical cyclones depends 
on advances in long-duration ballooning 
and the development of progressively smaller, 
ruggedized components of the instrument 
package. 

Sec. 20. Acquisition of Vertical Profiles of 
the Atmosphere and Ocean 

Research information on typhoons would be 
more domplete if regular measurements of the 
vertical profile of the atmosphere and ocean 
by means of long-duration balloon stations and 
buoys should augment atmospheric and ocean 
measurements at one or several designated 
depths and altitudes. The vertical profile 
comprises the atmospheric parameters repre¬ 
sented as a function of the altitude above sea 
level and the ocean parameters as a function 
of sea depth. In addition, these data are of 
interest to many other relevant concerns in 
meteorology, oceanography, climatology, and 
environmental monitoring. Space technology 
allows the vertical profile of the atmosphere 
and the ocean to be measured in any region c f 
the globe with minimum delay. 
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A single launcher can insert in orbit around 
the Earth a large number of small-size light¬ 
weight descenders joined together into an 
array of 160 to 200 modules. Each vehicle houses 
a balloon to sense the required parameters 
of the atmosphere and ocean. 

At a specified instant the satellite’s attitude 
is set steady and a command causes a descen¬ 
der to detach from the array; the descender 
then deploys its balloon over the desired 
region. When the descender speed is essenti¬ 
ally canceled out from 8 km/s to 0.8-0.9 km/s 
inflatable balloons or parachutes further brake 
it to a speed rendering the atmospheric para¬ 
meters possible to measure. The measurement 
activities are in progress all along the radio¬ 
sonde descent path to the point of touch-down. 
The radiosonde can stay afloat for 20 to 30 
hours and continuously measure ocean para¬ 
meters. When the satellite passes over the 
balloon, all accumulated data about the 
vertical profile of the atmosphere and ocean 
are relayed by the satellite to the ground 
data acquisition center. 

The other descenders remain coupled in- 
orbit until the pre-scheduled deorbiting in¬ 
stant for each of them. To rapidly deploy an 
instrument package over a desired region, it 
is useful to place the descender array on a low- 
circular orbit where the satellite repeats the 
ground track every 24 hours. Such an orbit 
must have an altitude of 500 km. When the 
satellite moves in this orbit it rotates 15 
times a day around the Earth and can thus dep¬ 
loy a balloon in the vicinity of any point 
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along its flight trajectory. If needed the sa¬ 
tellite orbit can be adjusted to permit deploy¬ 
ment of platforms with an array of scientific 
instruments in the Earth’s regions lying off 
the original trajectory without changing the 
interval between satellite overpasses. 

Thus the orbit parameters uniquely deter¬ 
mine whether, where and how rapidly the in¬ 
strument package can be delivered. The re¬ 
gions where the deployment is feasible are called 
its “area of coverage”. It is worth pointing 
out that the profile acquisition technique 
described above makes the “area of cove¬ 
rage” essentially dependent on the required 
measurement rate and data repeats. A lower 
rate obviously leads to larger “area of cove¬ 
rage”. For example, to measure the vertical 
profile only once every three days the satellite 
must have an altitude of 400 km—then the 
“area of coverage” can be significantly enhanced 
for the same data rate. 

As pointed out above, the measurement of 
atmospheric parameters begins as soon as the 
envelopes of the braking balloons have been 
inflated, at 25 km above the ocean. It takes 
an atmospheric balloon about 25 minutes to 
climb down from the 25-km height to the 
surface of the ocean. 

In vertical atmospheric sounding the tempo¬ 
ral resolution is a function of the balloon 
descent rate and meteorological sensor lag. 
The type and number of the sensors are then 
dictated by the mission objective and experi¬ 
mental design. The sensor signals are typically 
converted into d.c. voltage and the electrical 
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signals are applied to a multichannel A/D 
converter that generates a train of square 
pulses whose number is related to the input 
level of the physical variable to be measured. 
The pulse number total accumulates in a dedi¬ 
cated counter. The binary code thus obtained 
is loaded into a special register together with 
the binary address of the interrogated channel. 



The data word generated by the above proce¬ 
dure is read out into a storage device. While 
the satellite is within the visibility range, 
the word is passed to a driver and transmitted 
via the telemetry link to the satellite on-board 
receiver. The balloon sensors and transmission 
facilities must be configured as a multichannel 
system adjusted for a high transmission rate, 
high accuracy and reliability and acceptable 
error-rate coupled with low power consump¬ 
tion, small size and light weight. 
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The transmitted volume of data is controlled 
by the measuring time and the sojourn of 
both the balloon and the receiving stations in 
the radiovisibility range of the satellite. 
Significantly, the time of measuring atmosphe¬ 
ric and ocean parameters shows a definite 
relationship to the period while the stored 
measurement data can be relayed to the 
receiving stations. The measurement to trans¬ 
mission time ratio is typically 5:1. Given 
the amount of data collected by the instru¬ 
ments per unit time as well as the data trans¬ 
mission rate and session length, one can 
readily calculate the net volume of data 
transmission. 

Figure 36 presents a plausible design confi¬ 
guration of the descender. The vehicle com¬ 
prises heat-insulated body 1 , bottom 2 with 
a blast-off system, and flaps 3 to maintain 
descender attitude control in the atmosphere. 
Housing 4 holds an instrument container 
with sensors, batteries, a storage device and 
a radio package. The housing is ball-shaped. 
It also incorporates cylindrical container 5 
that accommodates inflatable balloon 6 . Gas 
tank 7 is implemented as a doughnut bottle 
and linked to the balloon envelope container 
by pressurized system 8 . In another configura¬ 
tion the balloon envelope is replaced by a para¬ 
chute system. 
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SCIENCE 

f orevERY one 

Studies of typhoons and hurricanes based on 
conventional tracking technologies ground weather 
stations, ships aircraft, and weather rockets rarely turn 
out to be effective enough, since the time and place of 
typhoon origin are unpredictable. A new avenue of 
approach to the problem is opening up with advances in 
space technology. This book presents a detailed method 
to explore in, typhoons and hurricanes using satellites 
and satellite probes to deliver balloons with a payload of 
measuring instruments into their effective range. There 
is also an extensive discussion of problem areas in 
meteorology, oceanography, and environmental science 
capable of being addressed by space-borne technologies. 
The book is intended for those interested in 
astronautics, oceanography and in the protection of the 
environment. 



